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Affordable, reliable, and sustainable energy service is fundamental to human, social and economic 
development. Approximately 1.2 billion people lack access to basic energy services. There exists a 
huge energy access gap between urban centers and rural areas. Approximately 84% of the people 
deprived of energy access live in rural areas. Existing rural electrification options including grid 
extension, mini-grids, and stand-alone solar home systems, have limited penetration in rural regions. 
Entrepreneurs, with support from governments and international institutions, have experimented 
with different business mechanisms to facilitate energy delivery. A significant amount of investment 
is being made for rural electrification but many projects are not self-sustaining. 
This research develops a new approach, ‘Wireless Community Grid’, to provide basic energy services 
to rural households and evaluates if the approach meets the desired features of affordability, 
profitability, and scalability. The approach comprises of a central charging station operated by 
local vendors, where portable power systems are charged and rented to homeowners. Each 
portable power system provides power to each home in the form of indoor lighting and device 
charging. Each power system is swapped from the station at a regular interval.  
To understand the energy needs and expenses of a rural population, surveys were conducted in 
Borgne, Haiti. The major sources for lighting are kerosene lamps, rechargeable bulbs, and 
candles. For charging lights and phones, people have to walk to a vendor with solar systems or 
generators. Based on three surveyed communities, each household typically spends $2.50 a week 
on energy services and local vendors make $0.70 a week from each household served.   
To explore the sustainability of the Wireless Community Grid approach, three preliminary 
evaluation models were developed. First, a techno-economic tool was used to evaluate the 
relationship between reliability and cost. Based on the developed tool, a system consisting of 350 
W solar array and 58 portable power units with 283 Wh capacity would meet the basic energy 
needs of a community of 49 households at the lowest present value. Second, a life cycle 
assessment was performed to study the environmental impacts. It was observed that the 
proposed system would provide a yearly reduction of 382 kg of CO2 equivalents and 197 kg of 
crude oil equivalents for each household served compared to the current energy state. Finally, a 
social business structure was proposed to maximize the number of people impacted while 
keeping the system affordable and self-sustainable. While keeping the household energy cost 
level at $2.50/week for energy services, the capital investment of $6100 for a community system, 
could be recovered in less than 2 years. Over 10 years, the returns on a single investment would 
be able to expand to 64 similar communities and provide energy services to around 19,000 
people. The wireless community grid approach appears to be affordable for end-users and 
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1.1 Energy for Development 
Affordable, reliable and sustainable energy service is fundamental to human well-being [1]. 
Energy supply promotes human life through the provision of better lighting, heating, cooking, 
communication and other basic services [2]. Reliable energy increases the productivity of the 
community and enhances entrepreneurial and income-generating activities in the community 
[3]. It helps to substitute tedious manual work with automated processes [4]. Energy supply is a 
focal point in the holistic development of a community and a nation as depicted in Figure 1-1 [2].  
 
Figure 1-1: Links of energy access with human, social and economic development [2] 
While there is no single internationally-accepted and internationally-adopted definition of 
modern energy access. The International Energy Association (IEA) defines energy access as "a 
household having reliable and affordable access to both clean cooking facilities and to electricity, 
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which is enough to supply a basic bundle of energy services initially, and then an increasing level 
of electricity over time to reach the regional average” [5].  
Energy and its linkages with all three pillars of sustainable development (economic, 
environmental and social) were at the heart of achieving the Millennium Development Goals. In 
2015, the United Nations (UN) adopted The 2030 Agenda for Sustainable Development with 17 
Sustainable Development Goals (SDGs). It was an urgent call to action for all the member nations 
with the global partnership. As a part of the 2030 agenda, a stand-alone goal of universal access 
to affordable, reliable and modern energy was developed, SDG 7: Affordable and Clean Energy 
[1]. This goal has established a new level of international recognition for energy’s central role in 
development. 
Rural development refers to the process of improving the quality of life and economic well-being 
of the people living in rural areas [6]. It is an integrated approach of: 
 Social Development: Health, a supply of clean drinking water and education are three of 
the essential social services needed for the holistic development of rural societies. Each 
member of the community needs to have access to reliable health services, safe drinking 
water, and quality education.

 Income Enhancement: Another major pillar for rural development is the economic 
activities in the community. If people are engaged in income-generating activities, they 
can make a good income to upgrade their standard of life. Income can be enhanced either 
by encouraging rural entrepreneurship or by facilitating rural income-generating 
activities.
 
Access to electricity or reliable energy services is a pathway for both social development and 
income enhancement. Getting energy access provides a foundation for other projects to come 
in, it is a starting point of the overall development. 
Rural electrification is the process of bringing the electricity supply to the rural and remote areas 
to promote sustainable rural development. ‘Access to Energy’ (A2E) in developing countries, 
especially in the rural areas of Least Developing Countries and Small Island Developing States 
remains one of the biggest development challenges the world is facing today [7]. The major 
challenge in rural electrification is that many of the rural areas lack an electrical grid and require 
other forms of energy delivery approaches. Some of the primary constraints for rural electricity 
supply are [8]: 
 Financial Constraints: Economic challenges that the developing countries face in 
investment funding, service & maintenance costs, revenue generation, and tariff 
collection difficulties hinder the electrification projects.

 Physical Constraints: Challenges of geography like hilly areas, lack of infrastructures to 




1.2 Current Status: Global 
In December 2012, the United Nations General Assembly declared that 2014-2024 would be the 
decade of ‘Sustainable Energy for All’. A wide range of technologies and new business models are 
contributing to the significant progress of electricity access. Efforts to promote electricity access 
are having positive impacts in all regions of the world. Figure 1-2 shows the change in energy 
access between 2000 and 2015. In 2000, around 1.7 billion people had no access to energy. With 
the need for energy access gaining international recognition and the joint efforts of many 
different stakeholders, around 1 billion of those people who had no energy access in 2000 gained 
energy access by 2015.  
 
 
Figure 1-3 provides a general overview of the regional progress in the timeframe of 2000-2016 
[9]. Much of the progress is coming from Asia. Around 400 million people gained electricity access 
Figure 1-2: Change of energy access between 2000 and 2015 (Source: IEA, 2017) 
Figure 1-3: Trend of energy access progress being made [9] 
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in the 16 years’ time frame. Sub-Saharan Africa had the most people without electricity access in 
2016, with the number coming around 600 million. 
Although more people are gaining access, due to population growth, still 1.2 billion people had 
no energy access in 2015. The data show that there is huge room for improvement. The increase 
in energy access needs to outpace population growth. 
Electricity access is predominantly a rural problem, with 84% of the people having no electricity 
access living in rural areas [9]. Such areas include rural, isolated and insular communities where 
connection to the regional grid is difficult and sometimes impossible due to the geographical 
obstructions, transmission losses and low load densities [10]. Electrification programs in such 
areas are associated with higher capital and maintenance costs. It is hard to find a universal 
solution to supply the electricity in those regions, as each region has its energy usage trend and 
different constraints as described earlier. Financially poor communities have almost no money 
to invest in newer technologies [11]. 
A viable solution to meet the 7th SDG in vast rural areas that are not served by the power grid is 
the deployment of renewable off-grid technology. Declining costs of renewables, efficient end-
user appliances and innovative business models financing energy access are fostering the 
development of such technologies. Governments and other stakeholders have been actively 
pursuing various interventions to provide electricity access. The traditional grid extension mode 
of electrification has been supplemented, if not challenged, by the alternative and decentralized 
modes of supply [12]. Energy Sector Management Assistant Program (ESMAP) defines 
decentralized solutions as “an alternative approach to the production of electricity and the 
undertaking and management of electrification project that may be grid-connected or not”. 
Decentralization can either be connected to the national/regional grid, referred as grid-
connected system, or not connected to the grid, referred to as off-grid/stand-alone system [13]. 
Unlike centralized energy systems, decentralized systems are often based on renewable energy 
sources and are more accessible to remote locations since the power is generated nearby the 
demand site. Limited fossil fuel resources, increasing competition for fuels in the global market, 
climate change inducing effects of present fossil fuel-based energy systems and risk of energy 
security are the major influences for the worldwide shift to renewables [13]. Considering the 
advantage they offer, forecasts have predicted a larger increase in the decentralized renewable 
systems. The choice of specific renewable technology for energy access depends on the targeted 
communities set to benefit from the process. Issues of customer and load density, relative to the 
national or regional grid, availability of natural resources, economic and financial aspects affect 
the choice in the technology mix [4]. 
Significant progress has been made in terms of providing energy access to energy-poor regions 
and decentralized and/or renewable systems have played a major part. Several rural 
electrification projects have been implemented by different institutions, organizations and 
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private sectors for decades in many countries to address the energy poverty in the remote areas. 
Despite huge efforts from the implementing agencies and advancement of technologies, 
experiences show that these projects are not achieving their stakeholder’s expectations, and they 
are lagging in terms of technical, social and economic sustainability [14]. 
1.3 Current Status: Haiti 
Haiti has one of the lowest electrification rates of 25% (illegal connections make half of that 
share) and the consumers receive electricity only between 5 to 15 hours per day. 53% of urban 
households and just around 17% of rural households have access to electricity. The access rate 
has virtually remained the same for the past 40 years and the access is highly skewed towards 
the higher-income families or via illegal connections. Poor families have not been able to gain 
electricity access. Haiti faces challenges in terms of lack of grid access, reliability of existing 
electrical service and the use of kerosene lamps for the home lighting [15]. The country has 10 
isolated regional grids operated by Electricité d’Haïti (EDH) but lacks a single centralized 
transmission and distribution system throughout the nation. The electricity sector has a very high 
rate of losses, with almost two-thirds of the electricity produced failing to reach the consumers. 
The country is highly dependent on imported fossil fuels for electricity generation, as around 85% 
of the electricity is produced from the combustion of fossil fuels [16]. 
Following energy mechanisms are operating in Haiti [17]: 
 EDH Owned Isolated Grids: There is one major ‘interconnected grid’ which serves the capital, 
Port-au-Prince and surrounding areas and there are nine other smaller grids. EDH has 
273,000 active connections and more than twice that number is the illegal connections. 
The distribution infrastructure, with few exceptions, is in poor shape due to the lack of 
maintenance and recurring natural disasters.

 Municipal Diesel Grids: Over 30 smaller diesel-powered municipal grids operate in the 
country. The sizes range from 100-500 kW and serve 1,000 to 5,000 customers. The 
problem with these grids is they are oversized and therefore expensive to run. The tariffs 
collected are not able to cover operation costs. Currently, different start-up companies 
have started to deploy renewable energy grids in different communities.

 Off-Grid Electrical Solutions: Sigora Haiti, EarthSpark and NRECA International have been 
designing and developing hybrid energy systems in the rural communities. Private sector-
driven energy models are also spreading, which serves households with renting of solar 
lanterns, battery-based lanterns, and flashlights. However, many areas are still 
dependent on kerosene lamps and wood fires to light up their homes.
Energy poverty is a major challenge in Haiti. Kerosene lanterns, candles or wood fires provide the 
sources of light in most off-grid homes. The fuel is also expensive and/or hard to access, the light 
offered is poor and the people are exposed to significant health problems. It is necessary to 
investigate newer mechanisms of energy delivery if we are to provide electricity to the poorest 
people in Haiti. 
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2 LITERATURE REVIEW 
The literature review for this research has been divided into three different categories. Different 
community electrification approaches were analyzed, with their strengths and limitations. This 
helped to analyze the strengths and limitations of each electricity delivery approach. Business 
mechanisms facilitating those different electrification approaches have been investigated and 
existing life cycle assessment studies of community electrification projects have been studied. 
2.1 Traditional Community Electrification Options 
Electrification is divided into 3 categories as shown in Figure 2-1. Power for a community could 
either be coming from the national/regional grid or the local mini-grids or stand-alone systems. 
Three major components in each power system are power generation, transmission network, 
and distribution lines.  
 
Figure 2-1: Existing approaches for community electrification 
 On-Grid Solution 
Figure 2-2 provides a simple schematics on the operation of national and regional gridlines for 
the supply of grid electricity. The power generated at various generation sites is transmitted at a 
high voltage to the regional/ national transmission network and the distribution lines are 
responsible to supply the electricity at the required lower voltage to the individual households. 
In the schematics below, the arrows show the movement of the electricity from the generation 
sites to the communities via transmission and distribution networks. The power generation could 
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come either from renewable sources or fossil fuel-based plants or a mixture of both. This will 
depend on the electricity mix of the country. 
 
Figure 2-2: Schematics of the on-grid electricity network 
In this category, the off-grid rural areas are connected to the national/regional power grid line 
via the extension of pre-existing lines. The extension of gridlines to a newer un-electrified area is 
one of the ways to bring electricity to such an area. This on-grid solution will offer a conceptually 
efficient and economical solution to provide electricity access in urban and pre-urban areas, but 
it is often hampered by the challenges of economies of scale in rural areas. Huge amounts of 
initial investments are required to expand such electrical infrastructure. Simply extending the 
grid networks to increase the connections won’t be able to provide reliable electricity because 
grid extension must also be complemented with an increase in generation capacity to meet the 
additional demands. Also, it is critical that aging or low-quality transmission and distribution 
networks are upgraded to handle increased supply and demand [18]. 
Extension of gridlines is not a feasible option for off-grid regions in developing nations because 
of the following reasons: 
 Many developing countries have an inadequate and unreliable supply of electricity. It is 
inappropriate to add more connections to the national grid which will only increase the 
additional load burden to the already inadequate networks [19]. Unplanned outages and 
‘load-shedding’ are common in developing countries [20] [21]. 
 Most villages lack electricity infrastructure; poor financial access and limited information 
about potential options make the grid extension unrealistic [22]. 
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 Extending the grid for rural connection depends on the distance of the proposed area 
from the existing grid, geographical constraints like hilly areas and large tracts of forest 
areas make the grid extension impractical [21] [20]. 
These all imply that the grid extension decision is based mostly on the site itself and grid 
reliability. This is unrealistic for the rural communities with small populations and most of the 
developing countries with poor, unreliable and inadequate existing electrical systems. 
 Mini-Grid Solution 
As on-grid solutions are mostly uneconomical in the rural areas, mini-grids solutions are gaining 
popularity. Ignoring the initial cost and emissions during the manufacturing process, renewable 
mini-grid technologies are the best electrification option in rural areas from the environmental 
point of view [21]. 
Mini-grid refers to the isolated system with low generation capacity (10 kW-10 MW) which serves 
a limited number of consumers via a distribution grid that can operate in isolation from the 
national/regional electrical grids. This becomes a viable solution for rural electrification when the 
cost of mini-grid deployment is lower than for an extension of the national grid or stand-alone 
systems [23]. This approach generates centralized electricity and distributes it via a small local 
grid as depicted in Figure 7. As the generating units are located close to the load centers, the 
mini-grid solution is also termed as Community Level Grid Solution. IEA estimates that mini-grids 
will be responsible to provide connections to 50% of the energy-deprived rural people by 2030. 
 
Figure 2-3: Schematics of mini-grid solution 
The power for the mini-grids could either come directly from renewable sources (solar PV, wind, 
micro-hydro, biofuel generation, etc.) or fossil fuel-based sources (diesel generators) or 
combination of both, termed as hybrid systems. Diesel generator could be added to the system 
as the back-up when renewable generation sources are not available [24] [25]. The higher the 
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share of PVs, the lower the dependence on diesel fuel, and the influence of diesel price on the 
Levelized cost of energy (LCOE). Mini-grids are modular, which gives the flexibility of sizing them 
according to the local energy demands. The potential for integration with generators and storage 
devices makes them reliable to contribute to the development of the local economy [26].  
The challenges being faced by mini-grids are: 
 Implementing sustainable mini-grids involve complex technical, financial and 
organizational issues, mostly in the under-developed nations. Lack of knowledge about 
the load conditions, current energy demands, and potential load growth has led to the ill-
sizing of the mini-grid systems [27].  
 Mini-grids have faced an issue of affordability and profitability. The revenue generated 
needs to address the issues of profitability, which is often a taboo in the sector of rural 
electrification. Profitability is a must to ensure the scalability of the investment [28].  
 The inability to generate enough revenues to support O&M has caused the failure of some 
mini-grids. Mini-grids have been installed with the initial grants and subsidies and they 
require continuous aid for operation [29].  
 Stand-Alone Solution 
Stand-alone systems are preferred when mini-grids are not viable because of dispersed 
customers, low population density and different other conditions. Energy Sector Management 
Assistant Program (ESMAP) reported that the off-grid stand-alone system is the cheapest option 
in many rural areas. It also observed that small-scale private management firms can help the 
projects to be more economical and socially sustainable [30]. 
Stand-alone systems provide the generation at the point of consumption, i.e., electricity is 
produced in the individual load center. The system is usually owned by the home or business 
owner. It could be a diesel generator supplying electricity to a building or battery-based 
Figure 2-4: Hybrid stand-alone energy generating system (Source: USDOE) 
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renewable energy systems such as solar or wind, or a combination of these, referred to as a 
hybrid system. Figure 2-4 is a schematic representation of a hybrid stand-alone system 
incorporating PV modules, wind turbines, and a diesel-powered generator. 
A typical solar home system can provide enough electricity to run several LED lamps, mobile 
phone chargers, fans and TV depending on its system capacity [31]. It generally consists of the 
following components: 
 Solar Photovoltaic Module(s) to convert the sunlight into electricity,
 Battery for energy storage, to make the electricity available even in the night time, 
when there is no sunlight,
 Inverter (optional) to convert the DC power produced by the solar panels to the AC 
power required to be able to run AC appliances,
 Charge Controller to regulate the voltage and current coming from the solar panels 
going to the battery to prevent the battery from overcharging.
 
SHS has been widely adopted in different countries to provide electrical access to off-grid 
communities. Bangladesh is a leader in installing the SHS. By May 2017, 4.12 million SHS had been 
installed to reach roughly 12% of the entire Bangladeshi population where grid expansion was 
challenging [32]. Solar Lanterns, also referred to as ‘pico solar’, use small solar cells or panels, 
and store the charge in the battery during sunlight which can be used later after sunset. Solar 
lanterns provide a modest amount of electricity enough for a single lamp while SHS can supply 
electricity to several lights and even small appliances [33]. The popularity of lanterns can be 
attributed because to their lower costs coupled with the high price and low quality of competing 
for lighting sources, mainly kerosene. Various business models have been used to lower the 
financial barrier in the wide-spread adoption and distribution of SHSs. 
Xavier Lemare conducted an extensive literature review research on the impacts of SHS and Solar 
lanterns which replaces the kerosene lamps in rural areas [34]. The major impacts were lighting 
improvement, cost savings compared to traditional sources, improved health, and promotion of 
income-generating activities, among others. 
It is estimated that 135 million people, previously deprived of electricity, have to gain access to 
electricity every year to achieve universal access by 2030. Grid extension will be feasible for only 
40% of that population; stand-alone systems and mini-grid options will be delivering electricity 




2.2 New approaches Involving Battery Swap  
Traditional electricity approaches have their own set of limitations as discussed in section 2.1 and 
are not be feasible in many off-grid rural communities. To reach the poorest populations 
currently deprived of energy, there is a huge necessity of newer, efficient, yet simpler 
approaches. One of the methods includes charging the energy products at a central station and 
renting those for household use. Different experiments and projects have been conducted 
involving portable batteries/lanterns/ other products in different parts of the world.  
 Lighting a Billion Lives Campaign (LaBL)  
This is an initiative in India, successful in displacing kerosene lanterns with solar lanterns for 
lighting up homes. This campaign has already illuminated a million houses in rural areas [35]. 
Lanterns could have a small solar panel attached to it, thus called solar lanterns and each home 
would be able to charge it at their own homes. Or, the lanterns won’t have solar panels on them 
and need to be brought to a centralized charging station.  
Solar Charging Stations are operated by the local entrepreneurs and set up in the villages. The 
lanterns are charged and provided to the households daily on rent. Each station consists of 5 
solar panels with a capacity of 50 to 80 peak watts (Wp) and 50 LED lanterns that are charged and 
rented to the households. The customers are provided with the charged lanterns each evening 
which need to be dropped back to the station the next morning for recharging. Each lantern can 
provide lighting only for 5-6 hours. Charging Stations are either owned by the government (grant 
supported) or by the local entrepreneurs as their enterprise.  
 Ti-Soley Program in Haiti 
Sirona is a non-profit organization founded in 2009 to tackle energy poverty. The partnership 
between Sirona and the Institute of Electrical and Electronics Engineer (IEEE) led to the 
development of ‘The Ti Soley Solar Program’ in 2010. In this program, a 1.5 kW solar charging 
station is set up in a community, where Portable battery kits (PBKs) are charged and rented to 
Figure 2-5: SunBlazer and PBK used in Ti-Soley Program (Source: IEEE-SMV) 
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customers. The charging station, called Sun Blazer, is designed under the IEEE smart village 
program (IEEE-SMV).  
Each PBK has 113 Wh battery, with 2 LED bulbs and USB outlet for phone charging or other simple 
DC applications as shown in Figure 2-5. A monthly charge of $6.25 is collected from each house. 
By 2015, with the seed funding from IEEE and other donations, 14 of these units were installed 
in rural Haiti [36]. In October 2016, Hurricane Matthew decimated the island wiping out the 
entire Sirona operations. There are no active plans for recovery and re-running the systems.  
 Energy Kiosks 
Energy kiosks are also referred to as community charging stations and have been implemented 
in many countries like Haiti, Cameroon, Kenya, Zambia and elsewhere as a mode of off-grid 
energy service [37][38]. The kiosks act as ‘walk-up’ retail models where people pay a certain fee 
to charge their phones or other portable electronic devices.  
Kiosks usually generate electricity for businesses at the kiosk itself, for charging services and 
refrigeration. Sometimes the electricity is provided to a nearby base load like schools, hospitals. 
Some kiosks also supply the community with rent-to-own solar products (like solar lanterns and 
PBKs). The kind of services offered is highly dependent on the size of the kiosk. A 4.8 kW hybrid 
solar and wind energy kiosk in Kenya provides electricity to the kiosk, school and also runs a PBK 
program to serve a community of 4000 people [39].   
The major differences between the above-mentioned approaches lie in the level of service they 
provide and the duration for which the home-product last as shown in Table 2-1: Comparison of 
different approaches.  








LaBL Campaign [35] Lighting (lanterns) 1 day Small Daily ($0.07) 





1.5 kW Monthly ($6.25) 
Energy Kiosks [40] Kiosk: light, phone & 
PBK charging, freezer, 













The major limitations of the current approaches including central stations include: 
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 Service duration has been an issue for all in-home products. Surveys in rural areas show 
that people want the product to serve more days before having to swap out with a fully 
charged one [39]. 
 Limited service. LaBl campaign and most of the kiosks provide only in-home lighting via 
lanterns and PBKs. For charging services, people have to walk up to the station. 
 The Ti-Soley Program has challenges in its business mechanism, discussed in section 2.3.3. 
2.3 Literature review: Existing Business Mechanisms 
The underlying business approach plays an important role in the success of any business activity. 
Suitable Business models play a significant role in the introduction, wide-spread adoption and 
proliferation of new technology. They have been successful in overcoming the challenges for 
energy delivery in distant communities [41]. Various business models have been adopted for the 
delivery of decentralized energy through renewable energy technologies (RETs) in developing 
countries. Different models have been playing a crucial role in bringing the private sector 
involvement in this sector, and they are important to both the government and private sector 
investors in financing decentralized energy [42]. Participation from the major stakeholders 
including the government, private sectors, international agencies, national government 
organizations (NGOs) and local communities have been a key for the successful implementation 
of the energy technologies in a sustainable manner [18]. The business models operating in the 
rural areas need to address the challenges of limited financial access, lack of supply chains and/or 
infrastructure and the lack of technical support [19].  
A large proportion of people, more than a billion, have no access to electricity and this variation 
of un-electrified locations calls for an assortment of innovative mechanisms. There is a huge 
chasm (in terms of energy access) between the people in developed regions who take energy for 
granted and the people in developing regions who have to depend on kerosene and candles to 
light up their homes. This chasm is taken as a huge market by many multinational companies and 
purpose-driven entrepreneurs. Many have already experimented with different business models 
of energy delivery services. Some models have shown good signs of success, while others have 
provided good lessons on going forward.  
The major sources that have driven the innovation in the energy delivery approaches are listed 
below [43]: 
 Regional governments looking to increase the economic activities to upgrade the 
financial status of its citizens,
 Communities continuously looking for modern & reliable forms of energy, 
 Private entrepreneurs looking to build a profit-based energy business.

The business models currently in operation in different parts of the world can be broadly 





Figure 2-6: Existing Business models for Rural Electrification 
 Service-oriented model (non-profit model):  
This kind of model is more participative. Investments come from the local government or other 
institutions. The electrification projects are developed to provide electricity as a service, not as a 
commodity. Every stakeholder's opinion is taken into account and based on that; a suitable 
framework is developed for the long term run of the project. 
Co-operative Model 
Co-operative refers to a business organization operated by its members for their mutual benefit. 
They are community-based enterprises, provide the democratic local control over the energy 
issues, and can effectively harness locally available decentralized renewable energy [44]. This 
promotes equal participation and empowers rural people to shape the course of local 
development. This model has experimented widely in developing countries like Argentina, 
Bangladesh, Philippines, Nepal, and India [41][45][46][47]. 
Each co-operative can decide whether to generate their electricity to buy from other sources and 
each will be responsible for the management of the system, maintenance, billing, and the 
revenue collection. Co-operatives are purpose-driven and socially oriented, which is why they 
have shown more efficiency and effectiveness in providing the service to the local electricity 
consumers even if the profit margins remain minimal. In short, each co-operative itself is 




One of the successful cases of this model is the rural co-operative system in Bangladesh that is 
often cited as one of the most successful rural electrification programs in developing countries.  
Bangladesh. Rural Electrification Board (REB) took over the responsibility of rural electrification 
from the Bangladesh Power Development Board (BPDB) in 1977 and it has divested the 
distribution of the power to the end-users through Palli Bidyut Samities (PBSs) [48]. Each of PBS 
is responsible for providing electricity to certain areas ensuring local ownership and participation. 
 
Figure 2-7: Rural Co-operative system in Bangladesh [48] 
Each PBS is independent and makes its electrification master plan for the area it covers, can either 
buy bulk power from BPDB or generate its own. Every consumer is a member of the co-operative 
and is involved in the decision making. Tariffs are set by each PBS and approved by REB such that 
tariff covers at least operation and maintenance cost [48].  Around 54,000 villages (out of 84,000) 
and 15 million connections have been established via the co-operative system until 2015 [45]. 
Community Managed Model 
This model is similar to the co-operative model in most of the aspects, the major difference lies 
in the formation of committee members. A village energy committee is created to manage the 
mini-grid-based project or other decentralized energy systems to serve the isolated load areas, 
the committee is comprised of some representatives of the local community (while every 
consumer is a member in co-operatives) and this may or may not be registered under any law 
(each co-operative has to have a legal status).  
The committee is responsible for all of the decisions regarding the generation & generation of 
the electricity and also the revenue set-up to make the project sustainable. It has been 
successfully employed as village micro-hydro projects in Sri Lanka, Nepal, Peru and many other 
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countries that are rich in water resources [49] [50]. Initial grants and subsidies are provided by 
the government (up to 90% of the project cost). 
 Profit oriented model (for-profit model):  
This kind of model includes private entities and local entrepreneurs, who make the initial 
investments either via grants, loans or other sources. They use different approaches to develop 
their business and provide energy delivery services to rural customers, with a major target to 
recover the investments and make the profit out of the provided service. Many of the times, 
government subsidies and grants are provided to such entrepreneurs to reduce the cost of 
service to poor consumers.  
Electricity Distribution Franchise Model 
The kind of model consists of a central distribution company (Dis-com) with several electricity 
distribution franchises in different areas. A contract is signed between the central dis-com and 
local franchise regarding the responsibilities of the franchise. Each franchise is responsible for 
either develop or operate a distribution system within an identified territory for the contracted 
duration. They will also be responsible for selling the electricity, billing the customers and 
collecting the revenues. The franchisee could be either revenue-based or input-based. The input-
based franchisee purchases the power from the utility at a pre-determined rate and sells it to the 
consumers at a regulated tariff while revenue-based franchisee is limited to meter reading, billing 
and revenue collection from the consumers [51].  
The franchise, being local to the region of its operation, leads to more success than the dis-com 
itself going into the region. They have been able to reach the most remote customers by 
leveraging the local knowledge and the trust of the franchises to build awareness and drive sales. 
Franchisees could be used either for the deployment of mini-grids or the sales of stand-alone 
systems to the end-users [52].  
One of the successful cases of this distribution franchise model is in Assam, India under the efforts 
of The Energy and Resources Institute (TERI) [51].  
Fee for Service Model (ESCOs) 
This kind of model involves an energy service company (ESCO) that owns, installs and operates 
electricity systems and provides energy service to the customers. In the case of off-grid 
electrification, a charging station or kiosk is set up and provides the energy services to the 
community people. The users are charged a fixed monthly fee for the services. Some of the 
experimented cases involve leasing of the equipment (lantern/battery) to the customers at a 
certain rental fee. This approach allows the beneficiaries to enjoy the benefits of electricity 
without owning the system. 
The successful cases of this model include Lighting a Billion Lives Campaign and different energy 





Private Sector Model 
In this model, private entities build, maintain and supply electricity to a suitable village to make 
some profit out of such a mechanism. A for-profit private entity adopts a suitable approach for a 
specific community and provides energy/electricity to households there. Private entities can 
either work independently and run the business with their innovative model of energy generation 
and business approach or build partnerships with the government and other institutions to 
acquire the resources, subsidies, and support for their delivery initiatives. These partnerships are 
called Public-Private Partnerships (PPP).   
Husk power systems in India have been independently generating and supplying electricity in 
different areas [53]. Each HPS consists of a 30-50 kW power plant that runs entirely on rice husks, 
generates electricity through biomass gasification and a simple micro-grid distribution connects 
the customers using insulated wires strung on the bamboo poles. HPS will help to solve the issues 
of unutilized rice husks in the rice mills and be a source for stable power supply. provides an 
overview of HPS. The systems are scalable, grid compatible and secure against theft generation 
from power generation to delivery. 
 
Figure 2-8: Husk Power System [54]  
This kind of system is focused on local community participation and several local synergies. The 
following reasons have made the HPS successful in India [54]: 
 Rice mill is built alongside the plant which uses surplus power capacity and provides 
extra income to the company.
 Free milling service is offered to the local farmers in exchange for rice husks to feed the 
plant, this has reduced the fuel costs and provided the local benefits.





75 HPS plants are in operation in India with a total power output of 2 MW and there are plans on 
adding more units in India and Tanzania. 
One of the successful cases of PPP is the Argentina government’s program PERMER (Project for 
Renewable Energy in Rural Markets). This combines significant government funding to install the 
generating equipment and to subsidize the user tariffs, with the award of contracts to the 
concessionaires (private sector, public sector or co-operatives) who run and maintain the service. 
The majority of the installations are based on solar PV home systems but it also involves 





Table 2-2: Comparative overview of different business mechanisms 
Feature Energy Delivery Business Mechanisms 
 Service-oriented Profit-oriented 
 Cooperatives 
/Community managed 









Stand-alone Systems Grid Extension 
Mini-Grids 
Stand-alone Systems 
Initial Investment Government + 
Community members 
(voluntary) 
Dis-com + Franchise (both 
or single) ^ # 
Service Provider Company 
^ # 
Private Party/ Entrepreneur 
^ # 
Ownership Community members / 
Committee members 
Ownership transferred to 
Central distribution 
Company (Dis-com) after 
the contract period ends 
Service Provider Company / 
Institution 
Private Entity 
Example cases  Paili Bidyut Samities in 
Bangladesh [45], 
 Village micro hydro-
projects in Nepal, Sri 
Lanka [50] 
 
The Energy and Resources 
Institute TERI, India [51] 
 Lighting a Billion Lives [35], 
 Solar Charging Stations [56], 
 Energy Kiosks [38] 
 
 Husk Power Systems (HPS) 
[57] 
 IDCOL, Bangladesh [58] 
 SELCO, India [59] 
 
Strengths  Sense of ownership 
(everyone involved in 
decision making) 
 A decline in overall 
system losses (25% to 
15% in Nepal, 35% to 
16% in Bangladesh) 
 Reduction in electricity 
theft 
 Local employment 
creation (meter reading, 
revenue collection, O&M 
activities), 
 Lower thefts and 
distribution loss (local 
entrepreneurs 
responsible), 
 Beneficiaries do not have to 
own the system and 
products 
 Lower costs, (only pay a 
leasing/rental charge) 
 Positive impacts (replace 
kerosene), 
 
 Innovation and 
experimentation of newer 
mechanisms, 
 Tailored to a specific context, 
 Synergies involved, 
 Profits help for scalability, 
 PPPs motivate private parties 
to research on newer 




 Higher collection rates 
than the national grid 
supply 
 Better customer service 
(localized operation of the 
franchise) 
 Brings in private parties 
(franchise can invest). 
 
Issues  Revenue requirements 




 Vulnerable to local 
struggles and political 
tensions (Nepal), 
 Huge initial subsidies 
required.  
 
 Questionable duration of 
the contract (short 
unattractive for private 
parties, less time for 
investment recovery), 
 Penalty for franchisee 
(target set not reached), 
 Leaves behind the 
financially poor (franchise 
get a share of revenue, 
why should they include 
poor people?), 
 Difficult to control as it 
expands, (dis-com might 
lose control on all 
franchises as it grows) 
 
 All the risks are borne by 
the service provider, 
 Subsidies needed to set up 
the station in poorer 
regions, (can promote local 
entrepreneurs) 
 ESCOs are profit-oriented, 
the possibility of leaving 
behind the poor to ensure 
the full recovery, 
 Issues relating to the failure 
of batteries, improper 
estimation of load growth, 
and improper location of 
the station. 
 
 Scale slowly or might even die 
out if no aid comes in.  
 Besides HPS, all have been 
relying on subsidies & grants 
for a longer run, 
 There is no ‘one size fits all 
solution’.  
 For-profit models might leave 




^  In all of the profit-oriented models, the government could provide some subsidies and grants. 




 Business Structure of Ti-Soley Program, Haiti 
The business structure for this program is represented in Figure 2-9. The unit works with a 
franchise-type and pays for the service business model, the franchise is the local entrepreneurs 
[60]. The initial investment for the charging stations comes from the seed funding of the IEEE 
Smart Village. It is also responsible to provide the financial and technical support, resources and 
equipment to Sirona. Sirona is the local partner in Haiti who is responsible for the selection of 
communities to set up the project and a suitable franchisee who will act as the local operator. 
 
Figure 2-9: Business Structure of Ti-Soley Program 
For a typical Solar Charging Station of capacity 1.5 kW installed in Haiti, Table 2-3 provides an 
overview of economics. Neither Sirona nor the local franchise has to make any initial investment. 
It can be observed that Sirona will receive $3,600 from each solar charging station while each 
franchisee will make $2,625 each year.  
Table 2-3 Economics behind a typical charging station in Ti-Soley Program: 
Total number of households served 83 
Monthly charge for each household $6.25 
Monthly revenue collected $518 
Revenue kept by Sirona $300 




This has been a successful approach and with continuous improvement in the technical design of 
the SunBlazer, the program has been expanded to few other countries namely Cameroon, India, 
Kenya, Nigeria, South Sudan, and Nigeria. It provides benefits to the local partner (Sirona) and 
each franchise as they get profits without the need to make any initial investments. This program 
also promotes local entrepreneurship as each end user might use the kit to charge other people’s 
phones at a certain fee. Very less priority has been given to make the business plan sustainable.   
The major challenges identified in this approach are: 
 The locals must pay a 2-month security deposit of $12.50 for the battery kit, which might 
be a problem for some people not having enough disposable income. 
 A fixed monthly charge is collected from each of the households irrespective of the 
number of times the kits are swapped. This might lead to misuse of the batteries and 
disharmony between the customers. A revised fee collection based on the actual number 
of swaps might work better.
 Equipment cost for a typical system is approximately $22,500 which is $271 per 
household. Because of that high amount, it seems impossible to start this program in any 
other communities without the seed funding or grants from other institutions.
 There is no recovery plan in this approach. This limits the program from attracting other 
private investors. A proper recovery plan has to be incorporated in the model so that the 
program could be replicated in many regions without having to wait for the seed funding 
and grants. 
 
2.4 Sustainability Assessment and Life Cycle Analysis (LCA) studies  
 Sustainability Assessment 
Sustainability assessment is a tool that helps decision-makers and policymakers to decide what 
actions they should take and what they should avoid in an attempt to make society more 
sustainable [61]. The major aim of sustainability assessment is to ensure that the plans, actions, 
and activities make an optimal contribution to sustainable development. 
Section 2.1 and 2.2 have examined at different approaches and business mechanisms prevalent 
to supply electricity into the rural areas. The success of a new concept of energy projects lies 
between the acceptability, usability, and efficacy of the technology introduced within the 
particular socio-economic and cultural aspects [62] [63]. To achieve the global sustainability 
target of universal electrification by 2030, we need to identify the scalable models of energy 
access and reveal the conditions for their impactful and lasting replication [64]. Sustainability 
scholars have proposed different multi-dimensional approaches looking at technical, economic, 
institutional, social and environmental aspects to evaluate the sustainability of the energy 
interventions [65] [66] [67]. 
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Although social, economic and environmental dimensions are the main pillars of sustainability, 
there are also the dimensions of institutional and technical aspects in overall sustainability.  
Economic sustainability is concerned with the cost-effectiveness of the solution and its capability 
for continuous operation through the generation of revenues  [68]. The electrification system 
needs to ensure the funding and affordability of the systems including the initial investments and 
its operation & maintenance (O&M) over life [69] [70]. The major indicators for economic 
sustainability are cost-effectiveness, reliability of the supply and the contribution to rural 
enterprise development [71] [72]. Technical sustainability refers to the ability of the system to 
meet the present needs of individual households or commercial operations while allowing 
growth for future needs. Institutional sustainability is the ability of the system to be managed 
locally yet effectively [73]. 
Social sustainability is about how the energy model improves the lives of all community 
members including positive effects for women and children [68] [74]. It is vital to ensure socio-
cultural sustainability to embrace the notion of cultural justice, referring to justice through 
participation and recognition [75]. Social dimensions focus on equitable distribution of the 
benefits offered by electrification.  
Environmental sustainability is measured on a local and global level respectively as 
improvements in indoor air quality and reduction in carbon emissions. This requires the 
community to be aware of environmental issues. The electricity solution should minimize the 
negative impacts on the environment and enhance the positive impacts on human life. LCA of 
the renewable energy project is performed to evaluate its environmental sustainability [76] [77]. 
 Off-grid LCA studies  
LCA is a technique used to assess the potential environmental impacts associated with a product 
by compiling an inventory of relevant environmental exchanges of the product throughout its 
lifecycle and evaluating the potential environmental impacts associated with those exchanges 
[78]. This is a widely used method to investigate direct and indirect environmental impacts 
throughout the life cycle stages of products and services [79][80].  
The goal of LCA is to quantify material and energy inputs as well as waste and pollutant outputs. 
LCA systematically quantifies the environmental effects that a product or process makes in the 
various stages of its life cycle: material extraction, manufacturing/ production, use/operation, 
and ultimate disposal after the service period is over [81]. 
ISO standards (ISO 14040 and ISO 14044) provide guidelines on how to conduct an LCA, which 






Figure 2-10: Steps in LCA 
Goal and Scope: This sets out the context of the study and explains the procedure to convey the 
results [83]. It sets the functional unit of the assessment, the system boundaries of the study, any 
assumptions and limitations, the allocation methods and the impact categories. The goal 
statement guides much of the subsequent analysis to be performed. Every LCA study is unique 
with its functional unit and system boundary. 
Inventory Analysis: This includes creating an inventory of flows to the product system and from 
the product system [83]. The inputs normally are water, energy and raw materials while the 
outputs are emissions to the air, land, and water. The data must be related to the functional unit 
defined in the goal section and it results in an inventory compilation with information about all 
the inputs and outputs in the form of elementary flow to and from the environment from all the 
unit processes involved in the study. 
Impact Assessment: This is aimed at evaluating the significance of potential environmental 
impacts based on the LCI result flows [83]. Impact categories, indicators and characterization 
models are chosen. Inventory parameters are grouped and classified into specific impact 
categories. Impacts are measured with the use of characterization factors and normalization is 
later done to get the overall impact category. Some of the impact categories are resource 
depletion, global warming potential, ozone depletion, acidification, eutrophication, etc. 
Interpretation: The results from lifecycle inventory and impact assessment are identified, 
checked, evaluated and summarized to give a set of conclusions and recommendations of the 
study [83]. This needs to be consistent and based on the goal and scope of the study. 
25 
 
A large number of technical and economic feasibility studies of energy systems operating in off-
grid communities have been carried but a limited number of studies explore the lifecycle 
environmental performance of those energy systems. Traditional lifecycle approaches generally 
focus on a limited number of life cycle stages which provides a very narrow picture of the overall 
environmental performance. Those studies exclude the upstream processes of a product, 
including raw material extraction and manufacturing. As the impacts of renewable energy 
systems mostly occur during those upstream processes it is mandatory to include those upstream 
stages [84].  
Two most frequently used indices for the environmental impact study of renewable energy 
systems are greenhouse gas emissions, which measures the total greenhouse gases emitted 
during the lifecycle and the energy payback time, which is the period required for the energy 
system to generate the same amount of energy that was used in the upstream manufacturing, 
transportation, use and decommissioning of the system [85] .  
Various studies have been carried out to evaluate the life cycle environmental impacts of 
different off-grid renewable energy systems. Table 2-4 provides an overview of some of such LCA 
studies. The major limitations of the current LCA studies include: 
 Most studies use kWh of electricity generated as a functional unit [86][87][3]. This is 
inappropriate for comparing renewable energy systems with kerosene lamps. 
 Few studies have looked at the impacts of kerosene lamps, widely used in rural areas [77] 
[88].  
 New business mechanisms for off-grid electricity delivery lack LCA. They are focused on 
the techno-economic model. 





Table 2-4: Overview of some LCA studies on off-grid electrification 
Title Systems Studied Functional unit Boundary Impact categories Results 
 




200 kW rooftop 
PV system with 
polycrystalline 
silicon modules 
unit of electricity 






• Greenhouse gas 
emissions 
• EPBT 
• Manufacturing stage has the highest 
air emissions, 65% of total 
CO2emissions. 
• Energy consumed to produce PV > 
84% of total primary energy 
consumed in a whole lifetime. 
• EPBT: 4.36 years. 
Life Cycle 
Assessment of 
Solar PV Micro- 








• Small scale home 
generators 
• Central Grid 
electricity 
 





• Climate change 
   (CO2), 
• Human Toxicity, 
• Terrestrial 




    Oxidants, 
• Terrestrial Eco- 
    toxicity, 
• Energy Input, 
• Energy Yield Ratio. 
• PV micro-grids have lesser impacts 
on climate change, particulate 
matter, and acidification categories. 
• PV-Battery best among all, save 80-
99% of emissions than the 






• Kerosene lamps 
• (Tin lamp/ 
Hurricane 
lamp) 
• Solar Lanterns 
• (CFL/LED light) 
Based on service: 5 
hours per day of 
light for one family 





• Life Cycle Energy 
• Input, 
• Greenhouse 
   emission. 
• Payback period of solar lantern:  
1 year 
• Solar lanterns operate independently 
& cleanly for its life-cycle, emissions 
released only during its production. 
• Hurricane lamp has the greatest CO2 
emissions. 











 SHS 1: 49 Wp 
Crystalline silicon 
module + 100 Ah 
lead-acid battery, 
 
 SHS 2: 24 Wp 
amorphous 
module + 70 Ah 
lead-acid battery, 
 
 5 kVA diesel 
generator, 
 Charging station 
operating from the 
local grid, 100 Ah 
battery. 
 
 Kerosene lamp 
+ Dry cells 
 




(2 light sources for 
5 hours/day, 4 
hours of radio/day 
for 20 years period) 
 
For SHS v/s diesel 
generator: 






 Greenhouse gas 
    emission, 
 Ozone depletion, 
 Acidification, 
 Energy Payback 
Time (EPBT), 
 Greenhouse 
    Payback Time 
For Case 1: SHS as service provider 
EPBT = 1-2 years 
GPBT = 1-2 years 
 
SHS much better to provide energy 
service. 
 
For Case 1: SHS as electricity provider 
EPBT > 10 years 
GPBT > 10  years 
 










 Optimal micro- 
grid system 
(Renewables- 
30% + Generator) 
 Home diesel 
generators 
 Grid extension 
 Cradle to 
cradle 
 




 Human Toxicity 
Potential, 
 Abiotic Resource 
Depletion 
Potential. 
 Home diesel generators with the 
   highest impacts across all     
categories. 
 Micro-grid with the lowest impacts 
   except for the acidification 
   potential. 
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3 PROBLEM DEFINITION 
 Motivation 
Energy access has been given huge priority by the authorities, but more than a billion people 
have been deprived of even basic energy services. Universal access to electricity is now a global 
target. Besides traditional electrification approaches, several pilot projects and energy 
experiments have been carried out in rural areas. Entrepreneurs are taking initiative in different 
communities and are adopting new forms of energy business models to bring electric power to 
remote and impoverished areas of the world. 
Current energy delivery business models are either profit-oriented (for-profit) or service-oriented 
(non-profit). For-profit models usually target only the rich people in the community to maximize 
profits, so this kind of model might leave behind poor people. Non-profit models, on the other 
hand, are usually subsidized by various institutions initially and require continuous support from 
the government or NGOs. They have been affected by the political instability of the country. With 
questions on their longevity, it might not be a good idea to expand these kinds of models. Current 
approaches have not been able to grow sustainably and serve poor people in off-grid 
communities.  
In the case of Haiti, people are dependent on using kerosene lamps and generators. Because of 
political instability, ongoing crisis, and inflation, fuel prices have gone up. The scenario is similar 
in other developing nations. Those regions call for a better approach and a more genuine delivery 
approach. The delivery mechanism needs to be reliable and environment-friendly, while the 
business model to be affordable, and scalable. 
In this research, we propose a new approach to meet the minimum energy needs of rural 
households, lighting, and phone charging load. The main focus was on developing the required 
modeling tools for the proposed approach and update the system with feedback from pilot 
projects.  
 Research Question 
The ultimate question to be addressed by this research was: 
“Can the proposed wireless community grid be an affordable, environment-friendly and 





 Research Objectives 
The main purpose of this study is to look at the feasibility of a wireless community grid to provide 
basic energy services to rural households.  
The major objectives are listed below: 
 To perform community surveys in Borgne, Haiti to develop the current energy scenario 
for a typical household, 
 To develop a techno-economic tool for the proposed wireless community grid to simulate 
the impacts of various parameters and configure the optimum system for a community, 
 To construct a life cycle assessment tool for both the proposed and current state of energy 
delivery to analyze the environmental impacts for each system, 
 To assemble a sustainable business model for the proposed grid to evaluate its 
affordability, profitability, and scalability, 







4 RESEARCH METHODOLOGY 
This study involves the development of a new energy delivery approach to provide energy 
services to rural communities and proposing a business plan for the approach. The overview of 
methodology is represented in Figure 4-1. Gray curved boxes indicate the tools developed in this 
research. The blue box is our proposed energy delivery mechanism, introduced in section 5. 
 
Figure 4-1: Research Methodology 
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There are four major components in this study, each of which represents a separate section in 
this document. The 4 components are:   
 Field surveys and Community Energy Need Model (Section 6) 
 Techno-Economic Modeling of Wireless Community Grid (Section 7) 
 Comparative Environmental Assessment of the Proposed Wireless Community Grid with 
the Current Community Scenario (Section 8) 
 Business Plan for the Proposed Wireless Community Grid (Section 9) 
The study develops three different tools indicated by the gray curved boxes in Figure 4-1.  The 
first is the techno-economic tool which helps in proper sizing of the wireless grid while minimizing 
the lifetime cost of a community system. LCA tools are then developed for comparative 
assessment of the environmental impacts associated with a wireless grid compared to the status 
quo approach. A business development tool is developed to explore the profitability, 




5 WIRELESS COMMUNITY GRID 
Existing rural electrification approaches discussed in sections 2.1 and 2.2 have had limited 
penetration into rural communities with limited resources. There is a huge need for affordable 
and scalable energy delivery approaches.  The proposed wireless grid is a possible approach that 
could be affordable, minimize environmental impacts while also scaling to have a significant 
impact on the rural poor. 
Unlike mini-grids and regional grids, the wireless community grid is an approach that does not 
require a physical distribution network between energy generation sites and the points of energy 
consumption. Wireless Community Grids are a relatively new approach for rural electricity 
delivery, a hybrid of mini-grids and stand-alone systems. Figure 5-1 is a simple representation of 
the wireless grid approach to rural electrification.  
 
Figure 5-1: Schematics of Proposed Wireless Community Grid 
There are three components to this approach: 
 Central Charging Station (CCS): At a central and convenient location in a community, a 
station equipped with solar panels or some other power source charges the portable 
power systems.  
 
 Portable Power Systems (PPS): PPS act as the carrier of energy from CCS to the individual 
household. This is analogous to the distribution lines in mini-grids. PPS contains a battery 
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pack, charge control circuitry, state of charge indicator, a charging port, outlet ports for 
home loads such as lighting and phone charging.  For the first-generation system, in this 
study, we are assuming a USB-C input port and three output USB ports to provide in-home 
DC services. PPS size depends on the number of days for which it serves the household 
termed as swap period. 
 
 In-home Grid: In each home, a simple grid is powered by PPS as shown in Figure 5-2. 
Connecting wires run to different rooms (2 rooms considered here) supplying electricity 
to the DC LED bulbs. This in-home grid serves some DC applications depending on the 
capacity of the PPS, including in-home lighting, phone charging, flashlight charging, radio 
use, and others. This is a unique feature in the proposed model and none of the earlier 
projects mentioned in section 2.2 have this component. 
 
 
Figure 5-2: In-home Grid in each household 
A digital display can be incorporated in the PPS to indicate a state of charge (SOC), so a user 
knows when to swap a discharged PPS with a fully charged one from the CCS. A regular fee can 
be collected by the energy center to recover capital cost and expansion of service to other 




6 FIELD SURVEYS AND COMMUNITY ENERGY NEED MODEL 
This chapter focuses on data collection from communities in Haiti to understand current energy 
needs and costs. The collected data is later expanded to develop an energy model for a typical 
household. 
6.1 Introduction (Haiti) 
With the national electrification rate of 25% and approximately 17% for rural households, Haiti 
is one of the countries with one of the lowest electrification rates. This is the prime reason for 
selecting Haiti for this research. 
Haiti is administratively divided into 10 departments, 41 districts, 134 communes and 542 sub-
communes/communal sections. Figure 6-1 is a map showing Borgne, the commune of our 
interest. Borgne is further divided into 7 different sub communal sections. Each section is further 
divided into zones and habitacions. A habitacion represents a community in Haiti and the number 
of households in each habitacion ranges from 40 to 400. The ‘*’ in the map shows the 
communities that were surveyed for this research. 
 






The main objectives of this section are: 
 To conduct community surveys: 
o To evaluate the general energy access approach, 
o To locate trusted vendors in the community, 
o To find a suitable community for the pilot project. 
 To conduct detailed home assessments  
o To collect detailed data on sources of energy services, 
o To estimate the hours of operation of each lighting source for a typical house, 
o To estimate the current expense being made on energy services. 
 To conduct vendor assessment surveys 
o To evaluate different energy generation techniques, 
o To analyze the current profit, 
6.3 Methodology 
The first task performed was the formation of the research team. In addition to members from 
RIT, interactions were made with H.O.P.E. (Haiti Outreach Pwoje Espwa) and ASB (The Borgne 
Health Association). A local contact, who would have much better insights on the current state 
of energy services there, was hired to conduct the field surveys. 
 Data Collection 
Data was collected from three communities in the sections: Petit-Bourg-du-Borgne, Fond-
Lagrange, and Chanpagne. Surveys were made to be as simple as possible to help the team learn 
about the current energy needs, provisions, and costs. Surveys were based on the Energy 
Assessment Toolkit developed by MIT D-Lab’s Off-Grid Energy Group [90]. A Toolkit is a 
community-focused approach, not only for accessing energy needs, but also for market 
opportunities, existing supply chains, and stakeholders in the communities of interest. 
Three different surveys were conducted: 
6.3.1.1 Community Energy Assessment 
This was performed by the local team member by talking to the locally recognized personnel, 
mostly the member of co-operatives in those communities. This survey was a screening tool and 
provides an overview of energy services in the communities and helped the team identify the 
communities where there were poor energy services and where we should conduct further 
assessments. Three different communities were identified that were in much need of energy 
services where there was no access to either grid or mini-grid electricity. The selected 
communities were Tibouk, Kotfe, and Chanpagne. The major criterion for such selection included: 
 Located far from the grid lines, no plans in the extension of grid lines in coming 5-10 years, 
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 Limited access to home lighting, dependent on kerosene lamps or candles, and lower 
availability of solar home systems, 
 Limited provision of phone charging in the community, where community members might 
have to walk long ways to get phones charged, 
 Presence of some local shopkeepers, 
 Adequate solar potential. 
The community energy assessment survey form can be found in Appendix 11.1. 
6.3.1.2 Detailed Home Energy Assessment 
After the selection of three communities, detailed home assessments via in-person interviews 
were done. The energy services that we studied include home lighting, phone charging, and radio 
use. Following aspects were included in the home assessment: 
• Basic household energy requirements (lighting/ phone charging or others). 
• Current approach to such energy requirements (energy access). 
• Money spent on those activities (Monthly expenditure). 
• The willingness of local people to adopt newer energy options. 
 
The respondents were asked to provide energy use during the previous week or month.  The 
survey tool used can be found in Appendix 11.2. 
6.3.1.3 Vendor Assessment 
For three selected communities, interviews were conducted with a few local vendors. The 
vendors could provide different energy services in the community, including the sales of 
kerosene, candles or charging services. Following aspects were included in the vendor 
assessment: 
 Years of operation in the community 
 Current energy services and products provided (economics for each) 
 Plans on enlarging the business 
 The number of clients served and service areas. 
All survey sheets were prepared in English, translated to Haitian-Creole and then sent to the local 
team member for surveys. The completed surveys were sent back to RIT and translated back to 
English. The surveys were conducted in Creole.  
The survey tool used can be found in Appendix 11.3. 
 Data Analysis 
The detailed home assessment was conducted in 6 houses in Tibouk and 10 in both Kotfe and 
Champagne communities for a total of 26 household surveys. 
6.3.2.1 Current Lighting Sources 
Three major sources were identified for home lighting, kerosene lamps, rechargeable bulbs, and 
candles. Flashlights and mobile lights were also used by the people but these were used mostly 
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as secondary sources for light and have been excluded from further analysis. The services are 
usually provided by the local vendors in the communities themselves, but some communities do 
not have local energy vendors. People in these communities often have to walk hours to either 
Tibouk or Town of Borgne, the two largest towns in Borgne, to get energy services. 
Kerosene lamps 
There were different types of kerosene lamps used, including hurricane lamps, normal kerosene 
lamps, petromax, non-pressure mantle lamps, and others. Some of those are shown in Figure 
6-2. They differed in their material composition but the main consumable for each of those was 
kerosene. It is purchased from a local vendor, if available within the community or from the town 
markets. Cotton wick was another consumable. Every one of the surveyed houses in all three 
communities had a kerosene lamp.  
The surveys could not estimate the daily hours of operation of a lamp because: 
 Surveys were focused on cost estimation, and the questions related to hours of use were 
not included, 
 Hours of daily use of lamp is dependent on the availability of kerosene.   
 People also used kerosene lamps at various levels, which the survey did not capture. 
 
Figure 6-2: Different types of lamps in use in Borgne (Picture credit: Jamessy Augustama) 
On average, the cost of kerosene was $0.70 per liter. The rate of kerosene consumption is 
assumed to be 0.042 liters per hour and the rate of cotton wick consumption is 2.5 grams per 






Bulbs, equipped with LED modules and a small lithium-ion battery for charge storage, are also 
used by the people. People drop off their bulbs at the charging stations and pick up the bulbs 
later in the day once they are charged.  Unfortunately, because these batteries were developed 
as backup lighting, they are on during charging so the charging process is highly inefficient. 
33.33%, 50% and 20% of the surveyed households had a rechargeable bulb in Tibouk, Kotfe, and 
Chanpagne respectively. The higher percentage in Kotfe is related to the fact that 2 local vendors 
have solar systems and generators in their shops. The lower percentage in Chanpagne is because 
people have to walk 3 to 4 hours to Tibouk to charge the bulbs as there are no local vendors in 
the community.  
Candles 
People also use candles for lighting purposes. People usually buy candles, in package, at the 
market and will last for some weeks. 83.33% and 80% of the households in Tibouk and Kotfe 
respectively used candles.  People in Chanpagne don’t use candles and rely solely on kerosene 
lamps. Each candle costs $0.16 and provides 4 hours of lighting. 
Specific Lighting Factor (SLF) 
One of the major limitations of the surveys is that we were not able to capture the total hours of 
service provided by each source of lighting. But for the community energy usage model, it is 
necessary to predict the hours of each source for further analysis in section 8. 
Specific Lighting Factor (SLF) is the ratio of a number of houses with a specific lighting source to 
the total number of lighting sources used in a community. The three light sources considered 
here are kerosene lamps, candles, and rechargeable bulbs.   
 
𝑆𝐿𝐹 =
𝑁𝑜. 𝑜𝑓 𝐻𝑜𝑢𝑠𝑒ℎ𝑜𝑙𝑑𝑠 𝑤𝑖𝑡ℎ 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑙𝑖𝑔ℎ𝑡 𝑠𝑜𝑢𝑟𝑐𝑒
∑ 𝑆𝑜𝑢𝑟𝑐𝑒𝑠 𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 𝑓𝑜𝑟 𝑒𝑎𝑐ℎ ℎ𝑜𝑢𝑠𝑒ℎ𝑜𝑙𝑑
 (6.1) 
 
For instance, if there are two houses, the first household has only a single lamp and the second 
household has both lamps and candles, SLF for lamp would be (1+1) / (1+2) = 66.66% while SLF 
for candle would be (0+1) / (1+2) = 33.33%. This SLF is later used to estimate the number of hours 
each source would be used to light the house by a typical house in the community. The estimation 




Table 6-1: Calculation of SLF for a typical house in Borgne 
 
Tibuok Kotfe Chanpagne Typical Household 
No. SLF No. SLF No. SLF No. SLF 
Total HH Evaluated 6 100% 10 100% 10 100% 26 100% 
Kerosene Lamps 6 46% 10 43% 10 83% 26 54% 
Rechargeable Bulbs 2 15% 5 22% 2 17% 9 19% 
Candles 5 39% 8 35% 0 0% 13 27% 
 
Although estimating lighting hours using SLF is very crude, we could not find better ways to 
determine the breakdown of energy sources based on the survey data collected. Future updated 
surveys should help to some extent. 
Issues with Current Lighting 
Respondents also mentioned the issues they are facing with current lighting sources. The major 
responses included the following issues: 
 Significant time to fetch kerosene or charge the bulbs or get candles, 
 Difficulty in having cash available every week or month to purchase energy, 
 Kerosene lamps: People could not get kerosene every-time and the problems of flames 
and smoke, 
 Rechargeable bulbs: People had to go to the vendor often, but might not always get 
service because of the vendor’s limited charging capacity.   
6.3.2.2 Current Charging Medium 
People in the surveyed communities had to depend upon some charging service providers to 
charge their mobile phones, rechargeable bulbs, and other electronic devices. The vendors had 
either generators or small solar systems. Customers paid a fee for each charge. Figure 6-3 shows 
typical vendor set-up for charging phones, bulbs and other devices.  
On average, people have been paying $0.16 and $0.21 per charge for mobile phones and 
rechargeable bulbs respectively. The main observation was the bulbs staying on while charging, 




Figure 6-3: Current Set-up for charging the devices (Picture credit: Jamessy Augustama) 
There is a wide range of distances people have to travel to charge their devices as shown in Table 
6-2. People in Chanpagne have to walk three hours to reach Tibuok. The number of weekly 
charges appears to be inversely related to the walking effort for charging. People in Chanpagne 
charge their phones twice a week, half that of Tibuok and Kotfe. 
 
Table 6-2: Phone Charging Parameters 
 Tibouk Kotfe Champagne Typical Household 
Avg. number of phones 3 3 3 3 
Avg. number of weekly charges 4 4 2 3 
Average Walking Distance 20 mins 1 hour 3 hours   
People in Tibouk did not have to walk much to charge their phones but people from Champagne 
have to walk about 3 hours to get to the vendor. 
Issues with Current Charging 
The problems associated with the current charging mechanism as responded by the people are: 
 Vendors have a limited capacity to charge every customer’s devices. 
 Time-consuming to reach the vendor and had to wait long to get the phone back, 
 Vendors are known to be mishandling the phones and there were instances of theft of 
memory cards. 
 Limited access to energy service for the people from Champagne. They could only charge 
their phones twice a week, as they normally go to Tibouk twice a week for the market.  
 Sometimes people have to pay extra money for someone to take their phones to the 
vendor to get it charged. 
41 
 
6.3.2.3 Current Radio Use  
In the case of radios, only 7 households (27%) indicated that they use radios regularly.  Four used 
alkaline batteries to power the radios while the other three used rechargeable radios. Each 
battery costs $0.3 on average and lasts for 2 weeks while the rechargeable ones require a charge 
every week and the vendors charge $0.25 for each recharge. 
6.3.2.4 Estimation of Current Weekly Expense 
People were asked to provide the expense they made for each service. The responses were 
collected for lighting, phone charging, and radio costs. The expenses varied for each house as it 
is highly dependent on the available disposable income and family size. The weekly energy 
expenses of each surveyed house for is shown in Figure 6-4. The lighting expenses had a higher 
variance of 0.53 $2while the phone charging expense had a variance of just 0.08 $2.  
 
 
Figure 6-4: Weekly expenses of the surveyed households for energy services 
On averaging, the total expense of each household was $2.21. Only 7 households used the radio. 
Based on the radio expense provided by the 7 respondents, radio expense for a typical household 
comes to $0.20 per week. We assumed that a typical house has a radio. The average energy cost 
breakdown for a typical household in each community is shown in Figure 6-5. People in 
Champagne appear to spend more on lighting than the other two, because of their high 
dependence on kerosene (SLF = 83%). 
A typical household on Borgne appears to spend $2.37 each week to get the basic access to 
energy services. Lighting expense contributes to 64% ($1.52), phone charging and radio 




Figure 6-5: Averaged expense for a typical household 
Cross-checking of SLF 
SLF was used to estimate the lighting expense. Five hours of lighting is taken as an acceptable 
value for off-grid communities [92]. Lighting provided by each source is calculated as: 
 





The estimated expense for each source is calculated with: 
 𝑆𝑜𝑢𝑟𝑐𝑒 𝑒𝑥𝑝𝑒𝑛𝑠𝑒 = 𝑆𝑜𝑢𝑟𝑐𝑒 ℎ𝑜𝑢𝑟𝑠 ∙ 𝐶𝑜𝑛𝑠𝑢𝑚𝑎𝑏𝑙𝑒 𝑟𝑎𝑡𝑒 ∙ 𝑈𝑛𝑖𝑡 𝐶𝑜𝑠𝑡 (6.3) 
 
The estimation of source-wise lighting hours using SLF as shown in Table 6-3 shows that a typical 
household would spend $1.51 per week, which is very close to $1.52 for a typical household in 










Rate Unit cost Expense 
Gas lamps 54% 19 
0.042 l/hr 
kerosene [91] 
2.5 gm /hr 
cotton [91] 





$0.15 (cotton wick) 
Rechargeable 
bulbs 





(2 charges needed) 
Candles 27% 9.5 4 hour $0.16 each $0.38 
 
6.3.2.5 Estimation of Vendor Weekly Profit 
,The next task performed was the estimation of the current vendor profit per household. A 
detailed case study was performed for a vendor serving 20 households in Kotfe, having a solar 
system of 135 W and a battery of 210 Ah, 6 V (1.26 kWh) installed in his shop to provide charging 
services. On average, he charges 20 phones and 5 bulbs each day and collects $0.10 and $0.16 
per charge respectively. 
Based on the calculations as shown in Figure 6-6, the present value of savings of the vendor for 
an analysis period of 10 years is $5533. After the recovery of the initial investments, constant 
annual saving comes to $616. On adding the profit (10 gourdes/liter) that comes with the sales 
of kerosene, weekly profit per household comes down to $0.66. This is the base amount of profit 
that will be allowed for the vendors later in the development of the business plan in section 9. 
 





With the surveys, a new factor to estimate the lighting hours of each source is introduced and 
developed, called a specific lighting factor. Among the three different sources evaluated in the 
study, lamps were the highest energy use, with the lighting factor of 54%. Despite being a crude 
estimator, SLF was used because of the unavailability of better approaches.  
On average, each surveyed house spends just under $2.50 each week for basic energy services of 
home lighting, phone charging, and radio use. Most people are dissatisfied with their current 
energy options mainly because of the need to walk hours for the service. Most of the households 
expressed their desire for some in-home energy system. 
Local vendors make a significant amount of profit by providing energy services. They have either 
solar systems or generators or only sell kerosene. Currently, they are making approximately $0.70 








7 TECHNO-ECONOMIC MODELING OF WIRELESS COMMUNITY GRID 
This chapter provides the methodology adopted for the development of the techno-economic 
tool of the proposed wireless community grid introduced in section 5. The modeling tool was 
developed using MATLAB.  
7.1 Objectives  
The main objectives of this techno-economic modeling were: 
 To develop a generic techno-economic tool for the proper sizing of the proposed wireless 
grid for any community. 
 To use the developed tool to find the optimum system configuration (CCS and PPS sizing) 
to serve a typical community in Borgne, Haiti. 
 To evaluate the investments needed for the whole analysis period and calculate the 
associated present value (PV). 
 To study the PV differences between different swap periods (daily and weekly). 
7.2 General Assumptions 
The modeling assumptions used are: 
 The system serves 49 households for 10 years. 
 All households have the same energy requirements estimated later in section 7.3.1.1. 
 The charge-discharge efficiency of PPS is constant at 85% for the entire battery life. 
 The PPS capacity remains constant for the entire battery life. 
 There are only DC loads. 
 The CCS has no central battery storage. 
 A conversion rate of 1 US $ = 93.33 Haitian Gourdes is used. 
 
7.3 Methodology 
The approach used for the techno-economic tool is shown in Figure 7-1. Three main input 
parameters are swap period, array size and extra battery factor (EBF). 
The swap period is the number of days each PPS serves a home before needing to be swapped 
for a fully charged PPS. Daily and weekly swap periods are considered in this analysis.  
Array size is the size of the solar system installed at CCS.  
Extra battery factor (𝐸𝐵𝐹) is the percentage of the daily community load to be met with the 
provision of extra PPS at CCS.  As the CCS has no central storage, extra PPS helps in compensating 




Figure 7-1: Black-box for techno-economic model 
Two main outputs from this tool are reliability and the present value of investments.  
Reliability 
This is the main output of the technical model. Reliability is defined as the percentage of times 
the customer can swap the discharged PPS with the charged one from the CCS. For example, 
reliability of 90% means that 9 out of 10 times, the energy center can provide a fully charged PPS 
to an incoming customer. 
 
𝑅𝑒𝑙𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 = (1 −  
∑ 𝑈𝑛𝑚𝑒𝑡 
𝑇 ∗ 𝐻𝐻
) . 100% (7.1) 
where 𝑇 is the number of swap periods in a year, 𝐻𝐻 is the number of households that the CCS 
serves and 𝑈𝑛𝑚𝑒𝑡 refers to the number of times per year that a discharged PPS could not be 
swapped for a charged one. 
Present Value (PV)  
This is the main output of the economic model which provides a measure of today’s value of the 
total investments that go into the system for the analysis period.  
 






where 𝑛 is the number of periods for the analysis, 𝑅𝑡 is the investment to be made in the t year 
and 𝑖 is the interest rate of the investment. 
The techno-economic tool can be used to explore a range of array sizes and EBF to understand 
the impact of reliability and present value.  
The outputs of this tool can input to an optimization tool. The optimization tool has a curve-fitting 
model. This model analyzes the system configuration needed for certain output reliability. 
Among different configurations, the one with the lowest present value for given reliability is the 




Figure 7-2: Black-box for optimization tool 
The techno-economic tool has two main parts, technical and economic models, each of which is 
discussed here: 
 Technical Tool 
The technical tool comprises of four different models shown in Figure 7-3. The main output of 
the technical tool is reliability. 
 
Figure 7-3: Development of Technical Tool 
7.3.1.1 Household Load Estimator 
The first step in developing the technical tool is the estimation of household baseload, done with 
household load estimator. The assumed values are based on the primary needs of the people (via 
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surveys), and the insights from the local personnel. Although the total number of phone charges 
obtained from the surveys was just 3, we have allowed 3 weekly charges for each phone. 
Table 7-1: Load estimation for a typical household 
Load Category Products Rating Number Hours of 
use/day 
Daily Wh 
Lighting Load LED Bulb 2.5 W 2 5 h/day 12.5 
Flashlight 1 W 1 1 h/day 1.0 
Phone Charging Mobile Phone 5 Wh 3 3 (weekly 
charges) 
7.9 
Radio Use Rechargeable Radio 1 W 1 2h/day 2.0 
 
Three different load categories are considered, lighting, phone charging, and radio use. Table 7-1 
shows the estimated baseload for each load category. For charging of the phones, charging 
efficiency of 65% is taken and each phone is 80% discharged between charging cycles. An extra 
load of 10% was allowed for the household, to be able to serve other household applications. A 
10% extra load can provide an extra hour of lighting.  
Daily energy load is calculated with: 
 𝐷𝑎𝑖𝑙𝑦 𝐿𝑜𝑎𝑑 [Wh/day] = ∑ 𝐿𝑜𝑎𝑑 . (1 + 𝐸𝑥𝑡𝑟𝑎 𝐿𝑜𝑎𝑑) (7.3) 
 
The daily baseload for each household was estimated to be 25.7 Wh/day. 
7.3.1.2 Solar Output Model 
We start off by the calculation of solar flux on the module surface. The hourly solar flux (Ie) 
incident on a surface is composed of the direct beam (Ibc), diffused (Idc) and reflected (Ire) solar 
components. Hourly solar fluxes are calculated by the following equations [94]: 
 𝐼𝑒[W/𝑚
2] =  𝐼𝑏𝑐 +  𝐼𝑑𝑐 +  𝐼𝑟𝑒 (7.4)  
 𝐼𝑏𝑐 = 𝐷𝑁𝐼. cos 𝜃 (7.5)  
 
𝐼𝑑𝑐 = 𝐷𝐻𝐼.





𝐼𝑟𝑒 = 𝜌. 𝐺𝐻𝐼.




where, 𝐷𝑁𝐼, 𝐷𝐻𝐼, and 𝐺𝐻𝐼 is direct normal, direct horizontal, and global horizontal solar fluxes 
respectively. 𝜃 is the solar incident angle on the array surface, ∅ is the collector tilt of the array 
(assumed to be 200), and 𝜌 is the ground reflectance (assumed to be 0.2). 𝜃 varies with the sun’s 
position in the sky [94].  
Typical meteorological data (TMY) is obtained from the National renewable energy laboratory 
(NREL) for latitude and longitude co-ordinate of Borgne, Haiti (19.81° and -72.58°) [95]. TMY is a 
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collation of selected weather data for a specific location and provides the hourly values for the 
location. It is derived from a multi-year time series and consists of typical meteorological months 
to form a complete year. The insolation data for each month is selected from a year that is most 
typical for that month. A typical month in TMY will have an annual sum of values consistent with 
the monthly average calculated from the time series. TMY used in this study evaluates a period 
of 1998-2017. January data is from 2008, February data is from 2015 and so on.  
After the calculation of hourly solar flux incident on the module, the hourly DC solar output from 
the solar array is determined by:  
 








𝑇𝑐𝑒𝑙𝑙[° C] =  𝑇𝑎𝑚𝑏 +  
𝑁𝑂𝐶𝑇 −  20[° C]
800 [W/m2]
. 𝐼𝑒 (7.9) 
 
where, 𝑇𝑎𝑚𝑏 is a weather parameter denoting the ambient temperature. 𝑇𝑐𝑒𝑙𝑙, NOCT,  𝑃𝑚𝑝, 𝛼𝑝, 
and  are solar parameters, respectively denoting PV cell temperature, nominal operating cell 
temperature, rated power, temperature coefficient, and derate factor of the solar panel. 
The hourly solar outputs are summed for each day to get daily output from the array.  
 





Figure 7-4 shows daily output from a 350 W solar system facing South with a tilt of 20° for the 
first 30 days of the TMY data. We assumed a 𝑁𝑂𝐶𝑇 of 45℃, 𝛼𝑝 of -0.50 %/℃, and a  of 90%. 
The simulated mean daily output is 1538 Wh. Using TMY data, we can simulate realistic variability 
of power generation as seen in Figure 7-4. This variability is critical in determining the amount of 




Figure 7-4: Daily solar array output (Wh) of a 350 W system 
Daily solar module output determines the maximum number of PPS that could be charged each 
day at CCS, taken here as CCS capacity.  charging is the efficiency of charging of PPS and taken to 
be 90%. 





  (7.11) 
 
7.3.1.3 PPS Sizing Tool 
Lithium iron phosphate battery is selected here for PPS because of its high energy density, long 
cycle life, good thermal stability, and safety enhancement [96]. 
In addition to the load, the swap period is another major factor that determines the size of PPS. 
The swap period is defined as the number of days a PPS is sized to serve a household. The rented 
PPS is swapped from the energy center only after the end of the swap period. Two swap periods, 
daily and weekly swapping are considered. In this study, PPS capacity is calculated using equation 
(7.12). 
 
𝑃𝑃𝑆 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 [Wh] =
𝐷𝑎𝑖𝑙𝑦 𝐿𝑜𝑎𝑑 [Wh]
𝑑𝑜𝑑 ∗  
𝑃𝑃𝑆
. 𝑆𝑤𝑎𝑝 𝑝𝑒𝑟𝑖𝑜𝑑 [days] (7.12) 
 
where each PPS is assumed to have a maximum depth of discharge (𝑑𝑜𝑑) of 75% and charge-
discharge efficiency (
𝑃𝑃𝑆
) of 85%.  
51 
 
A PPS capacity of 41 Wh and 283 Wh is needed respectively for swap period of 1 day and 1 week 
for a daily load of 25.7 Wh as calculated in section 7.3.1.1. 
7.3.1.4 PPS counter 
This is a model to track the number of PPS that flows in the system. Because of the solar variability 
and the fact, there is no main storage, extra PPS are required to maintain a reasonable level of 
reliability for days with the lower solar resource. For consistency, the number of extra PPS at CCS 
is calculated with: 
 





. 𝑆𝑤𝑎𝑝 𝑝𝑒𝑟𝑖𝑜𝑑 (7.13) 
 
Consider a case where 𝐸𝐵𝐹 is taken as 0.1. The number of extra PPS available will be to meet 
10% of the community load (for the swap period), which comes to 5 extra PPS for a swap period 
of 1 day and 1 extra PPS for a swap period of 7 days. Extra PPS act as a reserve that is available 
for those days when there was not sufficient solar resource to charge PPS on a prior day. 
Taking 𝐸𝐵𝐹 into account, the total number of PPS initially available at CCS is given by (7.14): 
 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑃𝑃𝑆 = 𝐻𝐻 + 
𝐻𝐻
𝑆𝑤𝑎𝑝 𝑝𝑒𝑟𝑖𝑜𝑑
+ 𝐸𝑥𝑡𝑟𝑎 PPS (7.14) 
 
Various PPS counts are simulated for both the daily and weekly swapping cases. The base model 
for the simulation of such count is shown in Figure 7-5. Swapping of PPS has been assumed to 




Figure 7-5: Base Model for Simulation 
The major counts that have been tracked are: 
 Need is the number of PPS needed each day to satisfy the customers swapping batteries. 
For daily swapping cases, Need is equal to the number of households whereas, for the 
weekly swapping, it is 1/7th of the number of households. For this study, Need is 49 and 7 
respectively for daily and weekly swapping periods.  
 Swapped PPS is the number of actual swappings that occur on a particular day. It is equal 
to the Need if the charged PPS available at the center (including previously charged stock), 




 Unmet is the number of households that were unable to swap a PPS because of the 
unavailability of charged PPS at CCS. 
  
 Charged Stock is the number of charged PPS available at the CCS.   
 Uncharged Stock  is the number of uncharged PPS available at the CCS 
 
There are three indices used for both the charged and uncharged stock. Charged Stock0 is the 
number of charged PPS available at CCS at the start of each day. Charged Stock1 is the number of 
left-over charged PPS after complete swapping. Charged Stock2 is the number of charged PPS 
after the discharged PPS is charged during the day. It is the count at the end of the day.  
Uncharged Stock0 is the number of uncharged PPS at the start of each day. The swapped PPS adds 
to it after swapping and reaches Uncharged Stock1. Based on the CCS Capacity, those uncharged 





7.3.1.5.1 Measure of PPS Count 
The developed tool keeps track of the PPS count of different categories as defined in section 
7.3.1.4. PPS count was simulated for both the daily and weekly swapping scenarios. An EBF of 
10% and a solar array size of 350 W were initially used. 
The PPS count of the Need, Swapped PPS, Charged stock at the CCS, Unmet PPS and the CCS 
capacity for the first 30 days of TMY with daily swapping is shown in Figure 7-6. The overall 
reliability obtained is 92.5%. The count of actual charged PPS each day depends not only on the 
CCS capacity but also on the Charged stock. Looking at the 9th day of the simulation, only 30 of 
the households would be able to swap the discharged PPS with a charged one, meaning there 
would be 19 houses that would be deprived of the service.  
As shown in Figure 7-6, in the first day, CCS charges just 41 PPS, which are provided to the 
customers at the start of next day, so the swapped PPS for the second day is also 41, and the 
charged stock in the second day, after the batteries are swapped, is 0.  
 
Figure 7-6: PPS Count for Daily Swapping 
PPS count for weekly swapping is shown in Figure 7-7. Counts are taken for each week and the 
reliability for this case is 94%. Each day of each week serves 1/7th of the community size plus the 
unserved houses in the earlier days of the same week. Only 40 houses get the charged PPS from 
the center in the 3rd week, 9 houses do not get a new charged PPS in the entire week. In the 24th 
week, only 2 houses are not able to swap while in the 44th week, 12 would be deprived of the 




Figure 7-7: PPS Count for Weekly Swapping 
7.3.1.5.2 Measure of reliability 
The reliability of the system was measured for different swapping periods and EBF. For the size 
and weight of the PPS to be portable enough, weekly swapping is taken to be the maximum swap 
period.  
First simulations included a fixed solar size of 350 W and EBF varied from 0% to 100% to quantify 
the reliability as shown in Figure 7-8. The step changes in reliability occur each time an extra PPS 
is added to the system. With every increase of 17% in EBF, 1 extra PPS is added to the system for 
weekly swapping cases, which increases the reliability. In the case of daily swapping, with every 
increase of 3%, 1 extra PPS is added to the system. It is also very clear that for a particular solar 
size, weekly swapping always results in a higher reliability irrespective of the extra battery factor. 
At one entire extra set of batteries (EBF = 1.0), we get the reliability of 96.3% and 96.5% for daily 




Figure 7-8: Variation of Reliability with EBF 
The second set of simulations was performed where 𝐸𝐵𝐹 was fixed to 0% and the solar array size 
was varied from 200-1000 W. The impact of solar size on reliability is shown in Figure 7-9.  Weekly 
swapping provides higher reliability than daily swapping. For example, 350 W solar array, with no 






Figure 7-9: Variation of Reliability with Solar Size  
For the next set of simulations, both EBF and solar size were taken as input variables. Each solar 
size and EBF pair have specific reliability. The contour plot of reliability for weekly swapping is 
shown in Figure 7-10. Several system configurations result in the same reliability. Each line on 
the plot denotes a reliability and all the configurations along with that line result in the same 
reliability. The desired reliability can either be met by a smaller solar size with higher EBF or by a 
higher solar size with lower EBF.  
It is clear from Figure 7-10 that EBF will have almost no impact on the reliability of the smaller 
solar sizes. For instance, a solar size of 250 W, even with a whole extra set of PPS (EBF =1), there 
is no change in the reliability of the system, as shown in Figure 7-10. A small array will not be able 
to charge the extra PPS available at the CCS for charging because of the low solar output. Only 
once the solar size increases above 300 W, EBF has an impact on reliability. The step-downs 
observed in Figure 7-10 is because only after a 17% increase in EBF, the reliability increases for a 
solar size on a weekly swapping scenario.   
The contour plot for daily swapping cases is shown in Figure 7-11, where each line again 
represents particular reliability. The smoother curves are because of the shorter change in EBF 
(3%) needed to add an extra battery to the system and have an increase in reliability. Again, EBF 




Figure 7-10: Contour Plot of Reliability for weekly swap 
 
Figure 7-11: Contour Plot of Reliability for daily swap 
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 Economic Tool 
As shown above, the reliability of the system depends on the weather conditions, size of the solar 
array and the number of extra batteries. To explore the relationship between system cost and 
reliability, an economic tool was developed. For each reliability, there are many possible system 
configurations. The metric used for economic comparison is the total system Present Value (PV). 
Following costs are assumed: 
 Capital cost for each component as listed in Table 7-2 
 A set-up expense of $200 was allowed for CCS. 
 Annual Repair and maintenance cost of $200 for CCS. 
 Annual Replacement of 5% of the total fixtures (PPS and led). 
 Lump replacements of PPS’s after their life duration is over. 
 Logistics, labor and CCS space rental costs are excluded. 
 
The major assumptions that have been made in the economic model are listed below: 
 Ten-year analysis period. 
 The revenue stream is not considered here.  
 PPS cost is estimated from a list of batteries manufactured by different manufacturers, 
battery capacity ranging from 30 Wh to 420 Wh. Those battery values (Wh, $) were used 
as data-points and the cost of PPS was fitted to a linear function represented by   
 𝑃𝑃𝑆 𝐶𝑜𝑠𝑡 = $7.30 + 0.15 ($ 𝑊ℎ⁄ ) . 𝑃𝑃𝑆 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (𝑊ℎ) (7.15)  
 The service period and initial cost of each major component are shown in Table 7-2. 
Table 7-2: Service period and cost of each component 
Component Service period Cost 
Solar Panels (Monocrystalline) 20 years  [97] $5/W 
PPS (Li-Iron Phosphate) 500 cycles [98] Eqn (7.15) 
LED lights 17,500 hours $5 each 
 
The assumed number of cycles of PPS and LEDs fall at the low end of provided 
specifications for both.  
 
7.4 Optimization Results  
 Optimum System Configuration 
System configuration includes the CCS solar size and total initial PPS that need to be purchased 
and made available initially at the CCS, which is directly related to EBF and swap period. Each 




All of the above simulations involved the evaluation of the reliability of the proposed approach 
by varying any one or both of EBF or CCS solar size. The output reliability values are later curve-
fitted to find the system configuration for particular reliability. The optimization tool locates the 
system configuration that has the lowest NPV among all the possible configurations for a specific 
reliability level. Such configuration is taken as an optimum system configuration. 
Figure 7-12 shows the optimum system configuration and the associated PV for daily swapping. 
The reliability search space was 81% to 99%, with an incremental value of 0.25%. Search space 
for solar size was 250-750 W, and an EBF of 0 to 100%. It is often economical to just increase the 
solar size to get an increase in reliability. There are some instances when it becomes economical 
to increase the initial PPS by adding in some extra PPS. This is always accompanied by a decrease 
in solar size. Initial PPS increases heavily during a reliability increase to 97.5% from 97.25%. PPS 
count increases from 120 to 179 which is complemented with a decrease in solar size, from 411 
to 365 W. After that, initial PPS remains the same up-to 99% reliability with a slight increase of 
solar size for each reliability increment.  
There are also some reliability values for which the NPV remains the same. Looking at Figure 
7-12, the PV for reliability values between 86% and 87% stays constant at $7524, with an 
optimum system configuration of 299 W solar system and 120 initial PPS. NPV also remains 
constant between 89% and 91% reliability at $7604, with a solar size of 315 W and 120 initial PPS. 
Optimum system configuration for weekly swapping is shown in Figure 7-13. For a reliability up-
to 90.5%, small increments in the solar size are sufficient to increase reliability with the PPS count 
remaining constant at 56. After that, there are some instances where there is an increase in PPS 





Figure 7-12: NPV and Optimum System Configuration for Daily Swapping 
 
 
Figure 7-13: NPV and Optimum System Configuration for Weekly Swapping 
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Some of the data-point of optimum system configurations have been picked and presented in 
Table 7-3. For reliability of 85%, the optimum system configuration for a weekly swap period 
comprises a solar size of 298 W and an initial PPS count of 98. The present value comes to 
approximately $7500. 





Optimum System Configuration PV ($) $/kWh 
Solar Size (W) Initial PPS count 
85% Daily 298 98 7493 1.63 
Weekly 290 56 7083 1.54 
95% Daily 350 120 7779 1.69 
Weekly 350 58 7513 1.63 
99% Daily 364 179 8316 1.81 
Weekly 382 64 8064 1.75 
 
 Optimum Present Value Comparison (Daily v/s Weekly Swapping) 
Figure 7-14 shows the direct comparison of the minimum PV for daily and weekly swapping. The 
reliability space here is 81% to 99%, with an increment value of 2%. In both cases, PV followed a 
smooth trend and increased with an increase in reliability. 
 
Figure 7-14: Minimum NPV comparison (Daily v/s Weekly) 
The present value for weekly swapping is always lower than the daily swapping scenario. For 
reliability of 95%, the weekly swapping is better than the daily one by $266. 
63 
 
Although this approach is built to provide energy as a service and deals with a low level of daily 
energy supply, the unit cost of energy generated is estimated by expanding the baseload for a 
typical house. The total energy generated is calculated with (7.16): 







 ) ∙ 𝐶𝑜𝑚𝑚𝑢𝑛𝑖𝑡𝑦 𝑠𝑖𝑧𝑒
∙  𝐴𝑛𝑎𝑙𝑦𝑠𝑖𝑠 𝑃𝑒𝑟𝑖𝑜𝑑 (𝑦𝑟) 
(7.16) 
 
Each house in the community would use a total energy of 94 kWh in the whole analysis period 





) =  
𝑃𝑟𝑒𝑠𝑒𝑛𝑡 𝑉𝑎𝑙𝑢𝑒 ($)
𝑇𝑜𝑡𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦 𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 (𝑘𝑊ℎ)
 (7.17) 
 
Unit costs for different configurations are shown in Table 7-3. For reliability of 95%, the cost per 





We developed a techno-economic modeling tool that can be used to size the proposed wireless 
grid to provide energy services to a community. The model first determines the reliability and 
present values for different system configurations.  Based on the present values, the optimum 
configuration is determined for the desired reliability. A smaller CCS solar size with some extra 
PPS can provide the same reliability as the bigger module with no extra PPS.  
Optimum configuration to get increased reliability is usually an increment of the previous solar 
size with the PPS count staying the same. There are some instances where there is an increase in 
initial PPS count but it is always supplemented with the decrease in solar size. 
A swap period of 1 week always results in higher reliability than a swap period of 1 day, at a lower 
present value. For reliability of 95%, in case of weekly swapping, present value is $7513, with an 
optimum system configuration of 350 W and 58 PPS (2 extra PPS) count. For daily swapping, 
present value is higher at $7779, needing 350 W solar and 120 initial PPS (22 extra PPS). As less 
number of initial batteries are needed at the center and there is no need of replacement within 
the analysis period of ten years, weekly swapping has a lower present value than daily swapping 





8 COMPARATIVE ENVIRONMENTAL ASSESSMENT OF PROPOSED WIRELESS 
COMMUNITY GRID WITH THE CURRENT COMMUNITY SCENARIO 
This chapter provides the methodology adopted for the development of an LCA tool for the 
proposed wireless grid. A similar tool was also built for the current state of energy service 
estimated with section 6. LCA was carried out using SimaPro software. 
8.1 Objectives of the Study 
The main objectives of the LCA study were: 
 To quantify the impacts that the proposed model would make and the impact share of 
each system component. 
 To quantify the actual environmental impacts that the current sources of energy make in 
the community. 
 To make a comparative analysis between two models. 
 To investigate the components and processes contributing most to the environmental 
impacts. 
8.2 Functional Unit 
Life cycle studies generally start with a functional unit. Off-grid LCA studies use service function 
as a functional unit rather than the unit of electricity generated [77][88].   
The service function, for this study, includes a community of 49 households for an analysis period 
of 10 years. Each house in the community has access to following energy provisions each day:  
 A total of 5 hours of in-home lighting, 
 3 weekly phone charges for each of 3 mobile phones, 
 Radio use of 2 hours. 
The proposed wireless grid is modeled to meet the developed functional unit. Data gathered 
from the community and home surveys are expanded to meet the functional unit. This helps in 
making a fair and systematic comparison between those two scenarios. 
8.3 System Boundary 
This LCA study focused on 3 major stages of a product lifecycle. It included the raw materials 
extraction, manufacturing, and operation of each system component. The transportation of 
manufactured components and consumables to the site was also included. The major factors 
omitted from this analysis were: 
 Installation and maintenance of the components, 
 End of life scenarios. 




Figure 8-1: System Boundary for the current study 
8.4 General Assumptions 
A thorough set of data throughout the life cycle of a product or service is necessary for a 
meaningful LCA. In reality, not every piece of data is readily available. Built-in Eco-invent database 
in SimaPro is used where available, otherwise, data gaps are filled with adoption and adjustments 
of published scientific journals and reports. Listed below are the general assumptions used in LCA 
modeling for both the cases: 
 For the manufacturing of each component, electricity is taken as the primary energy input 
and other inputs (water, gas, oil, and others) are excluded. 
 Transportation of both the components and consumables include transport from the 
manufacturing plant to the nearest sea-port via road (road freight), followed by the sea 
transport to Port-au-Prince, the only port in Haiti. Finally, the product reaches Borgne via 
road freight. The local transport from Borgne to the particular community is excluded. 
 Upstream manufacturing of radio is excluded in this study as it will be the same for both 
cases. But the operation phase is considered, the alkaline battery is consumable in the 
current case. 
 Sea distances are calculated using https://sea-distances.org/.   
 5% of each component (PPS, bulbs, lamps & alkaline battery) are assumed to be replaced 
annually because of either damage, breakage or loss. 
 Installation, maintenance, and disposal of the components are excluded.  
o Previous LCA studies have demonstrated that the installation, maintenance, and 
disposal of renewable energy systems only contribute to 2%, 1%, and 0.5% of total 
emissions [99].  
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o There is no defined waste disposal and treatment scenario in place in Haiti.  
 Life span and production electricity for each component are assumed according to Table 
8-1. 
Table 8-1: Lifespan and Production energy for each component 









500 cycles  
[98] 
 
10  1.2 MJ/Wh of battery 
[96] 






70 MJ/kg of generator 
[3] 
Candle 4  - Not included 
Rechargeable 
bulbs 
4 (surveys)  3.21 Similar to LED lights 






- 0.051 MJ/battery 
[102] 
 
 For the operation phase, new processes for the combustion of kerosene (kerosene 
lamps), diesel (generator) and paraffin wax (candle) are developed to quantify the actual 
greenhouse emissions during operation in the current state. Emission factors of CO2, CH4, 
and N2O are adopted from IPCC [103]. Complete oxidation of carbon in the fuel is assumed 
to remove the emissions of particulates and soot. Table 8-2 shows the emissions 
generated from the combustion of fuels 









 (kg/kg burnt) 
N2O  
(kg/kg burnt) 
Diesel 45.65 3.38 0.00013695 0.00002739 
Kerosene 44.65 3.21 0.00013395 0.00002679 
Paraffin (candle) 43.75 3.21 0.00013125 0.00002625  
 
 All the three consumable fuels are assumed to be sourced and refined at a petroleum 





8.5 Wireless Community Grid 
Based on the techno-economic modeling performed in section 7, a system configuration of 350 
W solar, 88 total PPS each of capacity 283 Wh and 2 LEDs of 2.5 W is taken as a base system to 
meet the functional unit. This will provide a reliability of 95%. 
 Central Energy Center 
A study in Spain analyzed that the solar modules and transportation account for 95% of energy 
input and 93% of the greenhouse emissions in a solar system [86]. The current LCA study 
considers only the solar panels at the energy center. The LCI result of a previous study for a 200 
W polycrystalline PV panels was adopted [97] and scaled to the 397 W solar system using a scale 
factor of 0.6. This is often applied in most of the energy projects [104].  
The LCI for a solar panel of 350 W is listed below in Table 8-3. 
Table 8-3: Material composition for a 350 W solar panel 
Material Composition Weight (kg) 
Quartz 19.1 
Limestone 6.25 
Silicon Carbide 126.61 
Glass 35.02 
Ethylene Vinyl Acetate Copolymer 4 
Steel 9.11 
Aluminum 6.48 
Polyethylene Terephthalate part (PET) 1.73 
Polyvinyl Fluoride Film (PVF) 1.73 
Total 210.03 
Electricity need during manufacturing, kWh 477.48 
 
The solar panel is assumed to be manufactured in a solar manufacturing plant in Ningbo, China. 
The transportation parameters are included in Table 8-4. 
Table 8-4: Transportation route for the solar panel 
Source Destination Medium Distance (km) 
Ningbo Shanghai Port Road - Lorry 218 
Shanghai Port Port of Prince Sea – Sea freight 17364 




 Portable Power Systems (PPS) 
PPS are the carriers of energy from the energy center to individual households. Although the 
battery is to be customized to have 3 USB ports and other features, only the battery is taken into 
study here. 
Lithium iron phosphate battery is considered here because of its high energy density, long cycle 
life, good thermal stability, and safety enhancement [96]. An energy density of 150 Wh/kg is 
taken to calculate the weight of the PPS [105]. Each PPS will be approximately 2 kg and the LCI is 
adopted from a previous study of lithium-ion battery [96].  
Each battery is broken into different assemblies of cathode, electrolyte, separator, electronics, 





Table 8-5: Material Composition of Lithium Iron Phosphate Battery 





Cathode LiFePO4 44  831 
 Lithium carbonate 10.12 191 
 Graphite 18.04 341 
 Ferrite 7.92 150 
 Diammonium Phosphate 7.92 150 
Cathode Aluminum foil 2  38 
Cathode Carbon Black 3  57 
Cathode Styrene acrylate latex 4  76 
 
Polymethyl Methacrylate PMMA 2 38 
Polystyrene 2 38 
Electrolyte 
Ethylene Glycol Dimethyl 
Ether 16  302 
Lithium Chloride 3  57 
Separator 
Polypropylene 1  19 
Polyethylene 1  19 
Electronics 
Transistor 1  19 
Resistor 1  19 
Anode 
Graphite 18  340 
Carbon Black 0.5  10 
Copper 5  95 
Styrene-butadiene latex 0.5  10 
Packaging – Corrugated Cardboard 34.79 
Electricity need for manufacturing, kWh 94.34 
 
PPS is assumed to be manufactured in a plant in Guangdong and the following parameters are 
taken for the transportation of manufactured PPS. 
Table 8-6: Transportation Parameters for PPS 
Source Destination Medium Distance (km) 
Guangdong Guangzhou Port Road - Lorry 70 
Guangzhou Port Port of Prince Sea – Sea freight 18675 




 In-Home Grid 
The proposed in-home grid consists of 2 LED bulbs to provide light to each room. Each bulb is 
connected to the PPS via connecting wires and a USB connector. 
For this study, an LED bulb of 3 W was broken down in the lab to develop the bill of materials for 
the LED. It is assumed that the composition would be similar for 2.5 W light bulbs as well. 
Connecting wires of an average length of 15 foot are considered for each LED bulb.  
Figure 8-2 shows the breakdown of a LED bulb and the major components in an individual bulb. 
 
Figure 8-2: Breakdown of a LED bulb in lab 
Table 8-7 depicts the major parts in each bulb, some parts have been broken down further and 




Table 8-7: Material Composition of a LED bulb 
Part type Component Material Weight (gm) 
Switch 
Upper part Plastic 2.88 
Lower part Plastic 5.49 
Metal parts Copper 0.77 
Button Plastic 0.58 
Connecting wire Wire  66.97 
 LED bulb 
Optic Diffuser  6.77 
LED lights  4.79 
LED base plate  0.25 
Lower Body  12.25 
Base  3.07 
Base hook  0.68 
Packaging Corrugated cardboard  20 
 
LED bulbs are assumed to be manufactured in Ningbo, China and thus, the transportation 
parameters remain the same as for the solar panel, shown in Table 8-4. 
8.6 Current Community State 
The current community state was developed via the community and home energy assessment 
surveys. SLF, estimated in section 6, is used to quantify the total number of hours of operation 
for each light source. The three light sources considered are kerosene lamps, candles, and 
rechargeable bulbs. 
The total hours of operation of each light source to meet the functional unit are calculated with. 
 𝑇𝑜𝑡𝑎𝑙 ℎ𝑜𝑢𝑟𝑠 = 𝑆𝐿𝐹 ∗ 𝐷𝑎𝑖𝑙𝑦 𝑙𝑖𝑔ℎ𝑡 ℎ𝑜𝑢𝑟𝑠 ∗ 𝐴𝑛𝑎𝑙𝑦𝑠𝑖𝑠 𝑃𝑒𝑟𝑖𝑜𝑑
∗ 𝐶𝑜𝑚𝑚𝑢𝑛𝑖𝑡𝑦 𝑆𝑖𝑧𝑒 ∗ 365 
(8.1) 
 
Table 8-8 shows the total number of hours of each light source for the functional unit. A typical 
house in Borgne uses a kerosene lamp for 2.7 hours each day. 




Hours each day 
for 1 house 
Total hours 
Kerosene lamp 54% 2.71 484385 
Rechargeable bulbs 19% 0.94 167672 




 Kerosene Lamps 
Fuel-based lighting is a major source of lighting in off-grid areas in the developing nations. 
Although a variety of kerosene-based lighting products are available including hurricane lamps, 
hurricane lanterns, kerosene, petromax, and non-pressure mantle lamps, a hurricane lamp is 
used for further study [88]. 
The material composition of each kerosene lamp is sourced from a study of off-grid lighting 
systems by Alston et. al [101]. The cotton wick is taken as a consumable and included in the 
operation phase. Each lamp has two major parts, metal housing made of plain steel and the globe 
made of general glass, with weights as shown in Table 8-9. 
Table 8-9: Material composition of a kerosene lamp 
Component Material Weight (gm) 
Metal Housing Plain steel 473 
Globe General Glass 74 
 
The lamps are assumed to be manufactured locally around Port-au-Prince, which is transported 
to Borgne using road transport.  
The consumables that go into the lamps are kerosene and cotton wick. The consumption rates 
are 0.042 liters per hour of kerosene and 2.5 grams per hour of cotton wick [88]. The total mass 
of consumables consumed for kerosene lamps is calculated with: 
 
 𝐶𝑜𝑛𝑠𝑢𝑚𝑎𝑏𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑘𝑔) =  
𝑇𝑜𝑡𝑎𝑙 ℎ𝑜𝑢𝑟𝑠 𝑜𝑓 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 (ℎ𝑜𝑢𝑟𝑠)
𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 (𝑘𝑔/ℎ𝑜𝑢𝑟)
  (8.2) 
 
Kerosene is imported from Mexico while the cotton wicks are assumed to be manufactured 
locally in Borgne. 
 Candles 
The candle is another major source used by off-grid households to light up their homes. Paraffin 
wax contributes to 95% of the weight of the candle, while the rest is shared by the cotton wick. 
The weight of each candle is 54.88 grams and each lasts for 4 hours. The material composition is 
shown in Table 8-10. 
Table 8-10: Material composition of a candle 
Component Weight share Actual weight (gm) 
Paraffin wax 95% 52.14 




Prosperity Catalyst is in the process of launching candle manufacturing in Haiti and motivate local 
women into candle making [106]. Taking this into account, candle manufacturing is assumed to 
be done locally in the communities. 
 The total number of candles required to meet the functional unit is calculated with (8.3): 
 
𝑇𝑜𝑡𝑎𝑙 𝑐𝑎𝑛𝑑𝑙𝑒 =




𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑐𝑎𝑛𝑑𝑙𝑒 (ℎ𝑟𝑠)
 ∗ 52 ∗ 𝐶𝑜𝑚𝑚𝑢𝑛𝑖𝑡𝑦 𝑠𝑖𝑧𝑒
∗ 𝐴𝑛𝑎𝑙𝑦𝑠𝑖𝑠 𝑃𝑒𝑟𝑖𝑜𝑑 
(8.3) 
 
Paraffin wax is a byproduct of the refining of lubricating oil, which is transported from Mexico. 
The cotton wick is assumed to be made of braided cotton and manufactured locally.  
 Rechargeable Bulbs 
Another major source of lighting currently in use in rural communities in Haiti, is rechargeable 
LED bulbs, which have a lithium-ion battery attached to them. The number of charge-discharge 
cycles each bulb goes in a week is estimated with equation (8.4), which was rounded to two 










  (8.4) 
 
The years that each bulb lasts depends on the number of annual cycles that the bulb goes through 
and the maximum cycles of the attached lithium-ion battery. Using equation (8.5), the total 
lifespan of the bulb was 4.8 years. 
 
𝐵𝑢𝑙𝑏 𝑙𝑖𝑓𝑒 (𝑦𝑟𝑠) =
𝐿𝑖 𝑖𝑜𝑛 𝑙𝑖𝑓𝑒 (𝑐𝑦𝑐𝑙𝑒𝑠)
𝐶𝑦𝑐𝑙𝑒𝑠
𝑊𝑒𝑒𝑘
⁄ ∗  𝑊𝑒𝑒𝑘𝑠 𝑌𝑒𝑎𝑟⁄
 (8.5) 
 
Lump replacement refers to the total replacement of existing bulbs with the new ones. It is 
estimated with equation (8.6). As the bulb life is 4.8 years, the lump replacement occurs at the 
end of 5th year. The second lump replacement that occurs at the end of the 10th year is not 
included here.  
 
𝐿𝑢𝑚𝑝 =  
𝐴𝑛𝑎𝑙𝑦𝑠𝑖𝑠 𝑝𝑒𝑟𝑖𝑜𝑑
𝐵𝑢𝑙𝑏 𝑙𝑖𝑓𝑒
  (8.6) 
 
The total number of bulbs used in the system is estimated with equation (8.7). 
 𝐵𝑢𝑙𝑏𝑠 = 𝐶𝑜𝑚𝑚𝑢𝑛𝑖𝑡𝑦 𝑆𝑖𝑧𝑒 ∗ (1 + 𝑌𝑒𝑎𝑟𝑙𝑦 𝑅𝑒𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡) ∗ (1 + 𝐿𝑢𝑚𝑝 )




To build up the bill of material for the rechargeable bulb, one 5 W rechargeable bulb from Haiti 
was brought to the lab and broken down. The major components have been shown in Figure 8-3.  
 




The bill of material for a rechargeable bulb is shown in Table 8-11. 
Table 8-11: Material Composition of a rechargeable bulb 
Assembly Part type Material Weight (gm) 
Housing 
Optic diffuser Glass 11.89 
Connecting ring Plastic 4.61 
Lower cover Plastic 8.18 
Internals 
Driver PCB (printed circuit board) 10.11 
Li-ion battery  36.5 
Battery packaging Plastic 0.62 
Connecting wires Copper 1.36 
LED module 
LED base Plastic 5.11 
LEDs 
Ceramic Substrate (2-layer 
Alumina) 0.27 
Edison screw Edison screw base tin-plated steel 9 
Base cap 
Screw reverse gold plated steel 1.23 
Screws Stainless steel 0.4 
Cap Plastic 5.8 
Cap hook Plastic 0.87 
Weight of each bulb 95.95 
 
The bulbs are assumed to be manufactured in China and can be charged with any source of power 
generation. For this study, it is assumed that the charging is performed by a diesel generator.  
 Diesel Generator 
It is assumed that charging of phones and rechargeable bulbs is done with a diesel generator. 
Each community is assumed to have a diesel generator to provide such services. To size the 
generator and estimate the amount of fuel needed to run it, we proceeded with estimating the 
average daily lighting load and daily phone load for the generator.  
The average number of bulb charges that the generator needs to provide is estimated to be 12 
via equation (8.8).  
 





The average number of daily charges helps in the estimation of daily lighting load using equation 
(8.9) which is 350 Wh. Charging efficiency of 85% and a bulb rating of 5 W is taken. 
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 𝐷𝑎𝑖𝑙𝑦 𝐿𝑖𝑔ℎ𝑡𝑖𝑛𝑔 𝐿𝑜𝑎𝑑






The next step is the estimation of the daily charging load. The functional unit allows three weekly 
charges for each of the three phones for a household. This means each day, the generator has to 
provide 63 charges on average. The daily phone load is calculated with equation (8.10) and it 
comes to 315 Wh.  
 𝐷𝑎𝑖𝑙𝑦 𝑃ℎ𝑜𝑛𝑒 𝐿𝑜𝑎𝑑 =  𝑃ℎ𝑜𝑛𝑒 𝑟𝑎𝑡𝑖𝑛𝑔 ∗ 𝐷𝑎𝑖𝑙𝑦 𝑝ℎ𝑜𝑛𝑒 𝑐ℎ𝑎𝑟𝑔𝑒𝑠 (8.10)  
The total load per day for the generator is thus assumed to be 665 Wh output per day. HOMERPro 
was used for the proper sizing of the generator. The load was distributed equally between 4 
hours, and it was simulated that a 500 W generator would be enough in meeting the load.  
The material composition for the generator is shown in Table 8-12 [3]. Generator weight is taken 
to be 38 kg. 
Table 8-12: Material composition of a generator 
Material composition Weight Share Weight (kg) 
Steel 30% 11.4 
Casted Steel 30% 11.4 
Aluminum 35% 13.3 
Copper 3% 1.14 
Plastic 2% 0.76 
Total Weight 100% 38 kg 
 
The consumable used is diesel, which is imported from Mexico. To get 1 kWh output, an input of 
0.4 liters of diesel is needed [3]. The total amount of diesel consumed is calculated with equation 
(8.11). 
 𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐷𝑖𝑒𝑠𝑒𝑙 (𝑙𝑖𝑡𝑒𝑟𝑠) = 𝑂𝑢𝑡𝑝𝑢𝑡 (𝑘𝑊ℎ) ∗ 𝐹𝑢𝑒𝑙 𝑟𝑎𝑡𝑒 (𝑙𝑖𝑡𝑒𝑟𝑠 𝑘𝑊ℎ⁄ ) (8.11) 
 
 Alkaline battery for Radio 
The alkaline battery is a consumable for the radio use. Although this assessment does not include 
the radio components in the analysis, the consumable falls within the scope. Based on a previous 
study at Utrecht University, we assume a small transistor radio consuming 30 mW [77]. The radio 
is powered by a single AA battery whose material composition and other elements have been 
sourced from an LCA of household batteries [102]. 
The energy stored in each AA battery is calculated with equation (8.12) and obtained to be 3.70 
Wh. Each battery is assumed to be 23.3 grams and 6.3 gram provides a unit Wh of energy. 
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 𝐵𝑎𝑡𝑡𝑒𝑟𝑦 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (𝑊ℎ)
=  𝐸𝑛𝑒𝑟𝑔𝑦 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 (
𝑊ℎ
𝑔𝑚
) ∗ 𝐵𝑎𝑡𝑡𝑒𝑟𝑦 𝑊𝑒𝑖𝑔ℎ𝑡 (𝑔𝑚) 
(8.12) 
 
The lifetime of each battery depends on the radio rating and the energy stores in itself and is 
calculated with equation (8.13). It seems that each such AA battery would be able to run the 30-
mW radio for 92.5 hours. An efficiency of 75% is taken. 
 
𝐿𝑖𝑓𝑒𝑡𝑖𝑚𝑒 (ℎ𝑟) =  
𝐵𝑎𝑡𝑡𝑒𝑟𝑦 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (𝑊ℎ)
𝑅𝑎𝑑𝑖𝑜 𝑅𝑎𝑡𝑖𝑛𝑔 (𝑊)
∗ 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (8.13) 
 
The total number of batteries to meet the functional unit is calculated with equation (8.14). A 
total of 3868 batteries is required. 
 
 𝐵𝑎𝑡𝑡𝑒𝑟𝑖𝑒𝑠 =
𝑅𝑎𝑑𝑖𝑜 𝑢𝑠𝑒 ( ℎ𝑟
𝑑𝑎𝑦





∗ 𝐴𝑛𝑎𝑙𝑦𝑠𝑖𝑠 𝑝𝑒𝑟𝑖𝑜𝑑(𝑦𝑟) 
(8.14) 
 
The material composition of each AA battery is tabled below [102]: 
Table 8-13: Material Composition of AA Battery 
Battery component Material Weight Share Weight (gm) 
Cathode Electrolytic manganese dioxide 37% 8.62 
 Graphite 4% 0.93 
Anode Powdered zinc 17% 3.96 
 Zinc Oxide 1% 0.23 
 Starch 1% 0.23 
Electrode separator Cellulose 2% 0.35 
Electrolyte Potassium hydroxide solution 11% 2.56 
Anode current collector Brass 3% 0.58 
Can + Plastic Nickel-plated steel 22% 5.13 
 Polyvinyl chloride 2% 0.35 
Plastic cap Nylon 2% 0.35 
Total Weight 100% 23.3 
 
Batteries will be imported from Dongguan, China.  The transportation parameters are shown in 
Table 8-14.  
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Table 8-14: Transportation route for AA Battery 
Source Destination Medium Distance (km) 
Dongguan Guangzhou Road - Lorry 80 
Guangzhou Port of Prince Sea – Sea freight 18675 
Port of Prince Borgne Road - Lorry 245 
 
8.7 LCA Results 
Simapro is a professional LCA program containing a large number of databases based on ISO 
14040 and ISO 14044. In this study, the ReCiPe midpoint framework, from a hierarchist 
perspective was used to evaluate the level of environmental impacts for several impact 
categories [107]. An impact category groups a different set of emissions into one effect on the 
environment. Among the 18 midpoint impact categories, only two categories are evaluated in-
depth: 
Climate Change Potential (GWP) 
This is measured in kg CO2 equivalents and is an indicator of potential global warming. CO2 is 
taken as a reference gas. It is also referred to as global warming potential (GWP), as it provides a 
direct measure of Total GHG emissions, directly linked to having global warming and climate 
change impacts. 
Fossil Fuel Depletion (FFD) 
This is measured in kg oil equivalents and is an indicator of cumulative energy demand during the 
lifecycle of a product. It provides a direct measure of total fuel consumed by a product, process 
or service during its entire life cycle. FFD helps in determining the EPBT. Crude oil is the default 
fuel in Simapro, with a calorific value of 42 MJ/kg. This is used to calculate the total primary 
energy demand.  
 Life cycle environmental impacts of the Proposed Model 
The lifecycle of the proposed model was built in Simapro by developing the assemblies and 
lifecycle for each component as shown in Figure 8-4. The total CO2 emissions made to the air 
were taken as an indicator to observe the impacts that each component and material would have 
on the atmosphere.  
The total value of the emissions for the functional unit was approximately 13,800 kg CO2 and the 
PPS was responsible for 63.9% of that, within which the manufacturing energy made 60.2% of 
the total CO2. The node cut-off value was taken at 2%, only the processes and materials that 
contribute to more than 2% of the indicator are included in Figure 8-4. Energy center contributes 
to 29.2% of the indicator and home grid shares just 6.9% of the total. 
On evaluating the impact assessment of the proposed model, the impacts of the in-home grid 
were comparatively low (<20%) in each impact category, except terrestrial ecotoxicity. Two other 
components, energy center, and PPS are responsible for the majority of the impacts, presented 
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in Figure 8-5. The energy center contributes to more than 50% in 2 of the impact categories, 
namely water depletion (WD), and ionizing radiation (IR). Energy carriers, PPS makes more than 
50% share in most of the other categories. 
 
 




Figure 8-5: Component-wise life cycle environmental impacts of the proposed model 
 Life cycle environmental impacts of the Current State 
The inventory was also built up for the current state similarly. New processes were built to 
incorporate the impacts of the combustion of fuels in different components during the operation 
phase as shown by the gray boxes in Figure 8-6.  
The current state makes approximately 184,000 kg of CO2 emissions. Lamps contribute to 87.2% 
of that. The combustion of kerosene during the operation phase to generate the light makes up 
61.4% of the total emissions from the lamps. The node cut-off value again was taken to be 2%. 
 
Figure 8-6: Network of the Current State Showing total CO2 emissions to the air 
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As shown in Figure 8-7, the impacts of the generator are low (<3%) in all of the impact categories 
because the power generated from the generator is very low. It was used to charge only bulbs 
and phones. Lamp contributes to more than 75% in all the impact categories except freshwater 
eco-toxicity and metal depletion. The use of alkaline batteries in radio contributes to 41.5% in 
metal depletion, 89.8% of which is contributed by manganese dioxide, a raw material for making 
AA batteries. 
 
Figure 8-7: Component-wise life cycle environmental impacts of the Current State 
 Comparative Study 
The impact categories for the two cases were directly compared in Simapro. As shown in Figure 
8-8, the proposed model is better in all the impact categories but metal depletion and human 
toxicity. This is because the current state is making use of fuels to provide energy while the 
proposed model involves PPS, composed of different metals and chemicals. PPS is responsible 
for approximately 77% and 85% of human toxicity and metal depletion in the proposed model. 
 
Figure 8-8: Overall Comparison of the Impact Categories  
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8.7.3.1 Climate Change Potential 
This is also referred to as global warming potential (GWP). GWP for the proposed model is just 
7.8% of the current state and it saves approximately 187-ton CO2 equivalents from being released 
into the atmosphere. Figure 8-9 shows the GWP of each model categorized into different product 
stages. 
 
Figure 8-9: Global warming potential (GWP) comparison 
The operation phase is responsible for 76.34% of the total GWP in the current state, because of 
the heavy reliance on fossil fuels, including the combustion and sourcing of diesel, kerosene and 
paraffin wax. In the case of the proposed case, manufacturing contributes to 65% of total GWP, 
while raw materials also make a significant share of 35.54%. Upstream manufacturing (raw 
materials + manufacturing) incorporates 97.27% of GWP in the proposed model while it makes 
just 19.27% in the current state. 
For the current state, kerosene lamps contribute to 86.17% of GWP, as shown in Figure 8-10. On 
evaluating the lifecycle of lamps, the operation phase contributes to 76.20% to the lamp GWP, 




Figure 8-10: GWP of the current state 
For the proposed model, PPS and energy center contribute to 65.17% and 28.16% of total GWP 
respectively, as shown in Figure 8-11. Manufacturing stage (87.5%) makes the largest share in 
PPS, while raw materials (88.30%) makes a huge share= in GWP of the energy center.  
 
Figure 8-11: GWP of the proposed model 
8.7.3.2 Fossil Fuel Depletion (FFD) 
FFD of the proposed model is just 3.5% of the current state as shown in Figure 8-12, and it 
provides a saving of 96 tons of crude oil. Again, it is the operation phase (88.38%) in the current 
state that makes the most contribution to FFD as the operation phase involves two major 
activities, both of which consume a lot of fossil fuels: 
 Production of the fuel  




Figure 8-12: Fossil Fuel Depletion (FFD) Comparison 
The component-wise study of the current state shows that the lamps (86.91%) make the greatest 
share in FFD, while candles make 10.73%, and the generator stands at 2.28%. Again, it is the 
sourcing and combustion of kerosene that contributes to a major part of 88.50% of FFD, within 
the lamp component, as shown in Figure 8-13. 
 
Figure 8-13: FFD of the current state 
In the case of the proposed model, PPS and energy center respectively contribute to 61.24% and 
30.49% of total FFD, as shown in Figure 8-14. Manufacturing (81%) makes the largest share in 





Figure 8-14: FFD of the proposed model 
8.7.3.3 End Point Assessment (Single Point)  
To analyze and compare the end impacts of both options, endpoint methodology is used to 
develop a single score for the impacts on human health, resources, and ecosystems. As shown in 
Figure 8-15, the cumulative end impact of the proposed model just 8.7% of the current state. The 
current state, if continued being used, will make huge impacts in every of the end impact 
categories, 49.06% of the total impacts go to resources and 30.94% goes to human health. 
 





We developed an LCA model for both the proposed wireless approach and the current scenario 
in SimaPro. The lifecycle phases included in this study are raw material extraction, manufacturing, 
transportation, and operation phase. EOL scenarios are excluded. The system configuration for 
the proposed approach comes from section 7, and for the current state, it comes from section 6.  
Two major impact categories are evaluated in-depth, GWP and FFD to meet a functional unit of 
basic energy services.  
The proposed model emits 15.8 tons of total CO2 equivalents, with PPS and CCS contributing to 
65% and 28% of GWP. Manufacturing of PPS alone contributes to 88% of GWP within PPS. 
Manufacturing of the components makes a total share of 62%, while raw materials extraction 
shares 36% of total GWP. The proposed model results in a depletion of 3.5 tons of crude oil 
equivalents, PPS and CCS contributing to 61% and 30% respectively. Manufacturing and raw 
material extraction phases are responsible for 54% and 42% of total FFD respectively. The target 
area for impact reduction should be PPS and manufacturing phase. The use phase does not 
contribute to both GWP and FFD. 
The current scenario makes 203 tons of total CO2 equivalents in the analysis period. Lamps 
contribute to 86% of total GWP and among the lifecycle phases, the operation phase is 
responsible for 76% of GWP. The current state depletes 100 tons of crude oil equivalents. Lamps 
make 87% of total FFD, while the operation phase is responsible for 88% of FFD. The current 
scenario requires kerosene, paraffin, and diesel combustion during the operation phase, which 
is why the operation phase makes the greatest share in both GWP and FFD.  
On direct comparison, the proposed model provides a reduction in most of the impact categories 
except HT and MD. GWP for the proposed energy delivery approach is less than 8% of the current 
state and prevents the release of 187-ton CO2 equivalents into the atmosphere. FFD for the 





9 BUSINESS PLAN FOR SUSTAINABLE SOCIAL IMPACT 
This chapter introduces a business structure for the proposed wireless grid to explore the 
affordability and scalability of the proposed approach of energy delivery. As discussed in section 
2.3, the success of a rural electrification project is highly dependent on its business structure. 
9.1 Objectives  
Most of the community electrification projects obtain initial grants and subsidies but have failed 
to expand or even operate beyond the initial startup once the subsidies are eliminated. 
The main goal of this section is to explore a business plan that can recover capital investments 
and scale to a large number of people while sustainably providing the energy services. Our main 
goal is to reach as many people as possible within a certain period.  
The objectives of this section are listed below: 
 To develop a business hierarchy for the proposed community grid and define the 
responsibilities of different levels, 
 To define the pathway for the flow of materials, including initial investments, resources, 
and revenues, 
 To analyze the relationship between customer charge, reliability period, vendor profit, 
central business unit (CBU) profit, and total persons served by the model in different 
scenarios. 
 To differentiate between the affordability and profitability of the model. 
9.2 General assumptions 
Several assumptions were made in developing the business model for the proposed wireless grid, 
some of which are mentioned below: 
 100% revenue collection from the end-users after an initial seed funding, 
 Analysis period of 10 years, 
 The annual expense of $300 is allowed for CBU for each vendor served. This includes the 
space rental charge and the salary for personnel. This amount goes up as the system 
scales. 
 Tariff rate of 10% for all the system components, 
 All net revenue streams are completely reinvested in setting up new wireless grid systems 
in new communities. 
9.3 Matrix under Study 
There are 4 major parameters that make the basis of the business plan. 
Customer charge: 
This is the fee to be collected from each end user for each PPS swap. This corresponds to the 
rental fee collected in many pay-as-you-go systems. 
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Based on the surveys discussed in section 6.3.2.4, the current expenditure of a typical house in 
Borgne is $2.37 per week. Because the proposed system has superior service to the current 
energy system, we assume each household would be able to pay $2.50 per week for energy 
services.  
Vendor weekly profit:  
The vendors must collect some profits for their business to remain viable. The affordability of the 
energy approach is related to vendor profit. Too high of profits will result in unaffordable and 
scalable systems, while too low of profit will not be attractive for vendors to participate in the 
proposed energy approach. 
In section 6.3.2.4, the vendors currently are making approximately $0.66 per household per 
week.  For the assumed community of 49 houses, we assumed a needed $35 per week for vendor 
profit.  
Recovery period:  
This is the time it takes to recover the initial investment.  After this period, all net proceeds can 





𝑅𝑒𝑣𝑒𝑛𝑢𝑒𝑠 −  𝑃𝑟𝑜𝑓𝑖𝑡 − 𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛/𝑀𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒
 (9.1) 
 
where Upfront cost is the initial capital investment to set up an energy center. It includes the 
following parameters: 
 Initial component cost, 
 Tariff rate of 10%, 
 CCS set up cost, 
 In-home grid set up cost,  
Revenue is the total amount collected by the vendors from the end-users calculated with (9.2), 
out of which, vendors keep some profit and the balance goes back to the central unit.  
 








Operation/Maintenance is the annual expense required for the sustainable operation of the 
system. It includes the following parameters: 
 Repair and maintenance expense, 
 Space rental and salaries for CBU, 




Total people served 
This is the main output metric of the business model. This quantifies the total number of people 
that the proposed model can benefit at the end of the analysis period (10 years). Based on the 
surveys, a typical family is assumed to have 6 members in their house. It is calculated with: 
 𝑇𝑜𝑡𝑎𝑙 𝑝𝑒𝑜𝑝𝑙𝑒 𝑠𝑒𝑟𝑣𝑒𝑑 =  2𝑛 ∙  𝐶𝑜𝑚𝑚𝑢𝑛𝑖𝑡𝑦 𝑠𝑖𝑧𝑒 ∙ 6 (9.3)  
where n is the total number of recoveries that will be made within the analysis period. After each 
recovery, a new CCS will be set up in a different community. For example, for a recovery period 
of 2 years, after each 2 years, a similar center can be started and there will be an exponential 
growth in the total number of communities.    
9.4 Methodology 
 Hierarchy of Proposed Business Approach 
A business approach with three levels is proposed for the wireless community grid. Of all the 
business models that are currently in existence, this approach is a hybrid of different approaches. 
The major challenge of the Ti-Soley program, as pointed in section 2.3.3, was the scaling of the 
system. There is no recovery plan in place so each new system needs an angel donation. The 
proposed business approach has a recovery plan that helps in scaling the system to new 
communities. 
The proposed business approach is a social business, with a social mission at its core, and is 100% 
dedicated to solving human problems. The main goal is to provide the energy services to the rural 
communities at an affordable rate, generate revenues, be financially self-sustaining, and scale as 
well. A partnership is built with a local vendor to serve each community. This promotes local 
entrepreneurship as well. 
Figure 9-1 provides a schematic overview of the proposed business hierarchy. The gray boxes 




Figure 9-1: Hierarchy of the proposed business approach 
9.4.1.1 Level 1: Central Social Business Unit  
This is the main unit that oversees all the activities of vendors. The unit will be a social business, 
all the revenues collected to be made available for the expansion of the system.  
The major responsibilities of this unit are listed below: 
 Collect funds for capital investment. The central unit has to look after the overall 
economic performance of the vendors to ensure each system pays for itself and allows 
for continual growth.
 Set up a proper recovery plan for capital investments. This is crucial in repaying the loan 
to the initial investors and attracting new investors. 
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 Create a sustainable supply chain. For this, CBU has to select suitable suppliers, and 
manufacturers to purchase the necessary components. Locally made products should be 
given higher priority if they are competitive enough to meet the requirements,
 Select appropriate communities and local entrepreneurs. For the sustainable long-term 
operation of the proposed model, the selected vendors need to be well-located and well-
motivated to promote the approach and serve the community with minimal margin. 
 Tailor the delivery system to each community. The central unit needs to do all the design 
and installation works with the help and support of each local vendor.  
 Define the profit for each franchise and customer charge. Generated cash needs to satisfy 
three criteria:
o Affordability (for the end-users), 
o Profitability (for the vendors),
o Recovery & expansion of the system (for the central unit),
 Perform market research and advertising to promote the concept to other communities.  
 Develop an expansion and scaling plans. The revenue coming back to the unit needs to be 
saved for expanding the system to nearby communities. The incoming revenues should 
go directly into setting up the next system with no delays.
 Provide technical training to the local vendors for maintenance of the system. Some 
training regarding business and marketing also are needed. 

In short, the unit is responsible for the continuous operation and growth of the system with 
minimal shutdowns.
9.4.1.2 Level 2: Local Vendors  
This level runs the energy service in each community under the supervision and guidance of the 
central unit. To make use of the local expertise and trust of the community people, suitable local 
entrepreneurs are selected by the central unit. The number of vendors depends on the number 
of households and their dispersion in the community. One vendor should be capable of serving a 
community with less than 100 households, but more vendors might be required for larger 
communities. This energy service would be an added business activity for the local vendors.  
Vendors are the mediators to carry out the energy services of the central unit. They make no 
capital investments, but do make profits once the system is operational.  
Each vendor in this business model is responsible to carry out following activities: 
 Help CBU in finding the space and installing the CCS. This could be at their existing shops 
or at other suitable locations. 
 Sign an agreement with CBU.The agreement comprises of:
o Customer charge rate
o Weekly Profit 
Complaints of over-charge might lead to penalties against the vendors.
 Advertise the system and collect revenues from the end-users. 
 Provide records and status of to CBU. CCS needs to be taken well care of and each in-home 
grid needs to be supervised periodically. Any updates should be provided to CBU.
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 Simple troubleshooting of both CCS, PPS, and in-home grids 
9.4.1.3 Level 3: End Users (Beneficiaries) 
This is the final level in the business hierarchy. The end-users will not have to make any initial 
deposits and they will be charged for each PPS swap.  
The responsibilities of each end-user will be: 
 Timely payment of the swap fee. Recovery, expansion, and scaling all depend on customer 
fees.   
 Swap PPS on time. The PPS should not be used once the state of charge goes below the 
prescribed SOS (25%).  
 Take care of the in-home grid. Any issues should be reported to the vendor. 
 
 Cash flow 
The flow of cash needs to be well defined for the business model to run successfully. Figure 9-2 
provides an overview of the cash flow in the proposed model. The investment source can be 
either from the private investors (as loans) or from humanitarian institutions (as seed funding or 
grants). With this upfront money, CCS is set in a community and after the system comes to 
operation, it starts generating revenues. Revenue is collected from each end-user for each PPS 
swap. From the collected revenue, the vendors keep a certain amount as profit and rest goes 
back to the central unit. The incoming revenue at CBU is used for various purposes: 
 Repair & maintenance cost, is shown by the blue dotted line in Figure 9-2.  
 Space rental and personnel cost 





Figure 9-2: Cash flow in the proposed business model 
 Modeling tool 
A tool was developed to evaluate the impacts of different business parameters. Additions are 
made to the previously developed economic model, with two new inputs, namely, customer 
charge and vendor profit. Figure 9-3 provides a schematic representation of the modeling tool.   
The main inputs for the development of the business plan are the optimum system configuration 
and economic parameters of the techno-economic tool, base customer charge from home energy 
assessments and base vendor profit form vendor assessments.  
The analysis is performed for an optimum system configuration of 95% reliability to serve a 
community of 49 households, as evaluated in section 7 with the following variables: 
 Swap period of a week, 
 CCS size of 350 W, 





Figure 9-3: Schematics for business modeling 
9.5 Results and Discussion 
 Cost Breakdown 
The upfront investments needed for the proposed energy delivery approach was estimated and 
broken down into different components 
An initial capital investment of $6083 is required to set-up such a system defined in section 9.4.3, 
where PPS contributes to 48% of the overall capital while the next biggest expense (29%) is for 
the solar system at CCS as shown in Figure 9-4.  
 
Figure 9-4: Breakdown of upfront investment 
Annual operation and maintenance (O&M) cost in section 7 included only the repair and 
maintenance costs, but O&M here also incorporates the vendor profit and central unit expenses. 




Figure 9-5: Breakdown of annual O&M expense 
As shown in Figure 9-5, the vendor profit makes 70% of the total O&M, so the amount of profit 
to be allowed needs to be considered very wisely. The PPS made a huge portion of the upfront 
cost, but in case of annual replacement, it contributes to less than 6%. 
 Recovery period  
The impacts of customer charge and vendor profit on the recovery period of the system was 
simulated. Weekly customer charge was varied from $2 to $4 and weekly profit was varied from 
$25 to $45. The recovery period for each scenario was tracked and is shown in Figure 9-6. .. 
 
Figure 9-6: Variation of recovery period with customer charge & vendor profit 
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For a base customer charge ($2.50/week) and a base vendor profit ($35/week), the recovery 
period is 1.6 years. This shows that the proposed approach would be affordable for end-users, 
profitable for vendors and scalable as well. 
The recovery period is inversely proportional to both customer charge and vendor profit. If the 
vendors are allowed more profit, less revenue goes back to the CBU. This increases the recovery 
period and vice-versa. In Figure 9-6, for the base customer charge, if vendor profit is increased to 
$45, recovery period increases to 1.87 years, while if vendor profit is decreased to $25, recovery 
happens within 1.4 years. Similarly, increasing customer charge to $3.00 reduces the recovery 
time to 1.2 years while collecting $2.00 from each customer needs 2.4 years to recover the capital 
investment. 
The increase in vendor profit needs to be accompanied by the increase in customer charge to 
obtain a similar recovery period, otherwise, the recovery period will be too high and limit scaling 
to other communities.  
 Total people served  
Our main goal is to provide energy access to as many people as possible.  To understand the 
impact of customer charge fees and vendor profit on the number of people impacted in a 10 year 
analysis period, simulations are performed. After each recovery period, enough money goes back 
to CBU to add new vendors in another community.  
Table 9-1 shows the effects of customer fees on the number of people impacted for the case of 
a fixed vendor profit of $35/week and an initial investment in a single community system.  With 
a customer charge $2.0 per week, the system reaches 4704 people, while a customer charge of 
$4, the system expands to reach more than 1.2 million.  
For the same community and system configuration, simulations were repeated with different 
profits for the vendor and the results were combined to make a direct comparison. Table 9-1 
shows the number of people that gain energy services with the proposed wireless community 
grid at the end of 10 years. 






Profit = $25 
Weekly 
Vendor 
Profit = $35 
Weekly 
Vendor 
Profit = $45 
$ 2.00 9,408 4,704 2,352 
$ 2.50 37,632 18,816 9,408 
$ 3.00 150,528 75,264 37,632 
$ 3.50 602,112 301,056 150,528 
$ 4.00 2,408,448 1,204,224 602,112 
 
Figure 9-7 shows the number of people served with different customer charges and vendor 
profits and recovery period for each scenario. Bars represent the total count of people served 
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while the lines represent the recovery period for the corresponding scenario. Total people served 
is shown on a logarithmic scale of base 10.  
With the base case of $2.50/week customer charge and $35/week vendor profit, the proposed 
model will be providing energy services to almost 19,000 people by the end of the 10th year for 
an initial investment of $6083. If the customer charge is increased to $4.00, the model would 
serve more than 1.2 million people with the same capital.  
 
Figure 9-7: Recovery period and persons served at the end of 10 years period 
9.6 Conclusion 
A preliminary business model has been developed that predicts the total number of people 
gaining improved energy access via the proposed delivery approach. Based on the current 
customer energy expenses of $2.50/week and vendor profits of $35/week, a community system 
initial capital ($6100) will be recovered within 1.6 years and 19,000 people would have improved 
energy access within ten years. 
Increasing customer charge and decreasing the vendor profit would result in significantly higher 
scaling rates. For the case with a customer charge of $4/week and $35/week vendor profit, the 
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10 CONCLUSIONS  
10.1 Research Summary 
Energy access is vital for the holistic development of a community, but many rural regions lack 
access to reliable energy services. Several business mechanisms have been developed to facilitate 
the trend of universal electrification, but addressing both affordability and scalability has posed 
a challenge. This study introduces the wireless community grid as an alternative approach to 
deliver energy to off-grid communities. This approach comprises a central charging station where 
portable power systems are charged and rented to the end-users. Each such power system 
provides power to the in-home grid in each home that facilitates basic household energy services.  
Haiti, with an electrification rate of 25%, is selected to conduct this research study. Three 
different kinds of surveys were conducted, community energy assessment, individual home 
energy assessment, and vendor assessment in three communities in Borgne, Haiti to understand 
the current energy provisions and costs. People spent significant amounts of time to gain access 
to light consumables and to charge their devices.  Most were dissatisfied with their current 
energy services. On average, households spend $2.50/week for energy services and vendors 
make a weekly profit of approximately $0.70 per household. This indicates the need for a better 
alternative to energy delivery in those communities.  
The overall sustainability of the proposed approach was explored through a techno-economic 
model, life cycle assessment, and business plan model. The techno-economic model simulates 
the system with two swap periods (a day and a week), computes the present value, and predicts 
the optimum system configuration for reliability. The swap period of a week is better than the 
daily swap period both in terms of performance (reliability) and economics (present values). The 
optimum system for a community in Borgne, Haiti with 49 households and a reliability of 95% 
includes a 350 W solar array and 58 portable power systems (283 Wh/each).  The energy system 
would serve a household for a week and provide 5 hours of daily lighting (2.5 W LEDs), charging 
three phones three times a week and a daily radio use (1 W) for 2 hours.  
The proposed approach provides a significant reduction of environmental impacts compared to 
the existing energy usage pattern. The wireless grid provides a yearly savings of 382 kg of CO2 
equivalents and 197 kg of crude oil equivalents for each typical household in Borgne. The majority 
of the impacts occur in the manufacturing phase. Manufacturing of PPS is responsible for 57% of 
total global warming potential and 50% of total fossil fuel depletion in the wireless grid.  
The proposed energy delivery approach is affordable for end-users. This system provides an 
upgrade to current energy provisions at the cost ($2.50) homeowners are currently paying for 
energy. This study also proposes a social business mechanism to facilitate the scaling of the 
proposed wireless grid. The main goal here is to reach as many communities and serve the most 
people while keeping the system affordable and self-sustainable. With the proposed business 
plan, even with the base charge ($2.5) and base vendor profit ($35 weekly), the capital 
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investment is recovered in less than 2 years. A single system would be able to expand to 64 similar 
communities within the analysis period of 10 years and provide energy services to around 19,000 
people for the initial investment of just $6100. Increasing the customer charge to $4 weekly, the 
system would reach more than a million people in 10 years. Thus, the system is found to be 
affordable for the end-users, profitable for the vendors, and scalable as well. 
Since the proposed wireless grid approach improves the energy services in the rural communities, 
reduces environmental impact, and can scale sustainably, the approach should be considered for 
pilot studies and trial runs in rural regions. 
10.2 Future Work 
Several assumptions have been made in this study. There are rooms for improvement and 
updates in each task performed this work, which can be carried out later.  
The first task that should be performed is pilot experiments. We have already planned a small-
scale pilot for Borgne and are looking forward to its’ implementation in partnership with HOPE. 
With a capital of $500, 10 lithium-ion batteries (125 Wh), 10 LED bulbs (3-5 W) have been shipped 
to Haiti. The pilot is designed for 4 households. Based on section 7.3.1.2, two of the batteries are 
required to serve the house each week.  The base customer fee is to be collected from the end-
users ($2.50/week). Twice a week charged batteries are delivered to the vendor and swapped 
with discharged batteries.  For the pilot, the batteries will be charged with the energy systems 
available at HOPE. Base vendor profit is to be allowed ($0.70/ end-user/week), so the vendor 
keeps $0.35/swap. $3.60 per delivery comes back to the system.  
The pilots should be implemented, and the following assumptions need to be tested with the 
pilot runs: 
 A weekly base charge of $2.5 needs to be validated. The pilots can help understand the 
willingness of people to pay for the services. 
 Vendor profit ($0.70/house/week) contributes to 70% of the O&M costs for the system 
as observed in section 9.5.1. Thus, a reasonable amount of profit to be allowed for the 
vendor needs to be identified. 
 The base household energy load as estimated in section 7.3.1.2 are based on surveys. 
With pilots, we can collect feedback on the level of service people want and update the 
model accordingly. The increased load comes with increased costs, so a trade-off study of 
service level and cost might be interesting to research on. 
 Lighting load and its level of service (lumen-hours) make 58% of household load, but only 
8% of initial capital. In pilots, people can be offered LEDs of varied lumens and wattage to 
select efficient lighting, which reduces the overall load and thus, the overall capital. 




 Wireless community grid needs to be compared with other potential electrification 
options like individual solar home systems and mini-grids, in terms of economics, level of 
access provided, environmental impacts, and ease of scaling. 
 This research makes a crude estimation of the hours of use of each existing lighting source 
using SLF as discussed in section 6.3.2.1. Updated surveys and actual site visits to the 
households and communities can accurately estimate the lighting hour share of various 
sources of light and how lights are used (e.g. different lighting levels). 
 The LCA tool developed in section 8 includes only the raw material extraction, 
manufacturing, transportation, and operation phase. It might be of interest to develop 
the processes in Simapro to define waste treatment and end-of-life scenarios in Haiti. A 
complete cradle-to-cradle LCA for the proposed wireless community grid will provide the 
overall impacts on human health, resources, and the environment. 
 The developed social business plan needs to be consulted with business professionals. 
Assumptions regarding the tariff, space rental, and personnel fees need to be updated. 
The excluded O&M parameters, like logistics and labor, should be included. The supply 
chain network is also of interest for future research. Unless a complete supply chain is in 
place, there is a low chance of implementing and scaling the system. This will require 
thorough market research and study. 
 More parameters can be added to the techno-economic tool, including a realistic charging 






11.1 Community Energy Assessment Survey 
Surveys were based on the Energy Assessment Toolkit developed by MIT D-Lab’s Off-Grid 
Energy Group.  
The following are the questionnaires included in this assessment.  
 Name of your community: 
 What is the latitude and longitude of your community? (Mark the location on the attached 
map) 
 How much time does it take to travel from O’boy or Tibuk to your community?  
 What is the approximate number of households in the community? Are most people 
lighting their homes?       ☐ YES /  ☐  NO    If YES, answer:  
 How do most people light their homes? 
 Where do people get the energy for their lights? 
 Are people generally happy with their lighting? If not, why? 
 What are all reasons that people do not light their homes regularly in your 
community?  [Mark the two most important reasons with ✓ ] 
 Do most people in your community use mobile phones?    ☐ YES /  ☐  NO 
 How or where are most people charging their phones? 
 Where is the energy coming to charge the phone (generator, solar, other)? 
 Are people happy with the way they are charging their phones? If not, why? 
 Are there any established shops charge phones/lights or sell lights and other products 
within your community?    ☐ YES /  ☐  NO       
If YES, fill the table below for each available shops. 
Name of  Business / Owner  
Purpose of the business  
Years of operation 
 
Level of Trust  High / Average / Low 
High Trust: Praised by the community members and regarded highly 
Average Trust: People have neither the praise nor the hatred 




11.2 Detailed Home Energy Assessment 




Consent for the assessment      ☐ YES  /  ☐  NO 
Name of the community 
 
Date of assessment 
 




 What are all the sources of lighting your household uses? Which of these do you use the 
most? [Mark the main lighting sources with a ✓ .] 
 Where does your household go to purchase fuel, charge or buy equipment for lighting? 
And how long does it take to get to this location? [For all lighting sources] 
 How much does your household spend per month on lighting? [For all lighting sources] 
 What are the things your household likes the most about the current household lighting? 
 What are the problems associated with the current lighting system? 
 Would your household prefer another kind of lighting option if you had the choice?  
☐ YES  /  ☐  NO 
If yes, what would you prefer and why? 
MOBILE PHONE CHARGING 
 How many phones does your household own? 
 Where does your household charge the mobile phones? How far is it from your home? 
 How many times per week do you charge the mobile phones? 
 How much does your household spend per charge? 
 Where is the energy coming to charge the phone (generator, solar, other)? 
 Are you satisfied with the way you currently charge your phone?    What is frustrating or 
not happy about in the way you charge your phone?  What do you wish was different? 
RADIO USE 
 What provides the power to the radio that you use? (dry cell battery, rechargeable) 
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If dry cells,   
o How much do you pay per battery? 
o Where do you buy those? 
If rechargeable, 
o How many charges made each week? 
o How much cost do you pay for each charge? 
 How many hours per day do you use the radio? 
 LOCAL VENDORS 
Please complete the following table for the shopkeepers in your community.  
Name of Business / Owner 
 
Level of Trust  High / Average / Low 
 
High Trust: Your household regards the vendor highly,  
Average Trust: Your household has neither the regards nor the hatred of the vendor. 
Low Trust: The vendor has bad behavior, but there is no other option besides that. 
 
11.3 Vendor Assessment 
The following are the questionnaires included in this assessment.  
BASIC INFORMATION 
 




Name of the Community 
 
Years of operation 
 
Date of assessment 
 
 
 What are the primary goods and products you sell? 
 Where do you purchase the products you sell? 
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 What are the primary services you provide? [phone, radio & light charging or others]  
 How many customers do you serve? How far do they come from? 
 What is the most profitable business activity that you perform? [goods/ services] 
BUSINESS ACTIVITIES- LIGHTING AND CHARGING 
 Do you sell kerosene?   ☐ YES  /  ☐ NO 
If YES: 
o Where do you buy it from? How far is it from your shop? 
o On what rate did you last buy it and on what rate are you selling? 
o How much kerosene do you sell on average? [per week/ month] 
 If you provide charging services: 
o On a normal day, how many phones/ lights/ radio do you charge? [Note 
down for each] 
o How do the customers pay you for such service? [per charge basis/ per week 
or month or other ways] 
 What is the source of electricity/energy to carry such charging activities? How much 
do you spend on that? (per week/ month/ or initial purchase) 
 What challenges are you currently facing in the business?  
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